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Abstract 
Cold-formed stainless steel structural members are widely used due to their high corrosion 
resistance and high resistance-to-weight ratio. They are usually members with high width-to-
thickness and high height-to-thickness ratios; therefore, due to its susceptibility to buckle a 
strong attention to instability phenomena such as web crippling, where the web locally buckles 
due to concentrated transverse forces, must be taken. As the existing design standards for 
stainless steels are adopted from the specifications for carbon steels, framed in the European 
Project SAFFS (Structural Application of Ferritic Stainless Steel), a new expression to predict 
the web crippling resistance of stainless steel cold-formed members has been obtained. Within 
this work the new proposal corresponding partial safety factor, γM, will be determined. The 
study might include some readjustments of the new expression to make it suitable to be 
incorporated in the current design rules for stainless steel EN 1993-1-4 (2006).  
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Notations and symbols  
In Chapter 4: Statistical Evaluation, the following symbols apply.  
 
Latin upper case letters 
E(.)  Mean value of (.) 
V Coefficient of variation [V = (standard deviation) / (mean value)] 
VX  Coefficient of variation of X 
Vδ  Estimator for the coefficient of variation of the error term δ 
X Array of j basic variables X1 ... Xj 
Xk(n)  Characteristic value, including statistical uncertainty for a sample of size n with any 
conversion factor excluded 
Xm  Array of mean values of the basic variables 
Xn  Array of nominal values of the basic variables 
 
Latin lower case letters 
b  Correction factor 
bi  Correction factor for test specimen i 
grt(X )  Resistance function (of the basic variables X) used as the design model 
kd,n  Design fractile factor 
kn  Characteristic fractile factor 
mX  Mean of the n sample results 
n  Number of experiments or numerical test results 
r  Resistance value 
rd  Design value of the resistance 
re  Experimental resistance value 
 viii 
 
ree  Extreme (maximum or minimum) value of the experimental resistance [i.e. value of re 
that deviates most from the mean value rem ] 
rei  Experimental resistance for specimen i 
rem  Mean value of the experimental resistance 
rk  Characteristic value of the resistance 
rm  Resistance value calculated using the mean values Xm of the basic variables 
rn  Nominal value of the resistance 
rt  Theoretical resistance determined from the resistance function grt (X ) 
rti  Theoretical resistance determined using the measured parameters X for specimen i 
s Estimated value of the standard deviation σ 
sΔ  Estimated value of Δ 
sσ  Estimated value of σ 
 
Greek upper case letters  
Δ Logarithm of the error term δ [Δi = ln(δi )] 
∆� Estimated value for E(Δ) 
 
Greek lower case letters  
δ Error term  
δi Observed error term for test specimen i obtained from a comparison of the experimental 
resistance rei and the mean value corrected theoretical resistance brti 
σ Standard deviation [ σ = √𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 ] 
σ2Δ Variance of the term Δ 
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1 Introduction  
1.1 Background and motivation 
Stainless steel is a relatively recent material which has been used for several applications and 
nowadays is raising its application by the construction industry. The excellent combination of 
mechanical properties and the corrosion resistance makes stainless steel a very good material for 
structural applications. The complexity of its behaviour has made stainless steels presence in 
construction industry particularly low.  
Due to the lack of existing design rules for stainless steel the rules for carbon steel have been 
generally applied in the stainless steel design. But the marked non-linear behaviour of stainless 
steel, which is the main difference with carbon steel, makes the standards for carbon steel not 
always acceptable in the stainless steel design.  
EN 1993-1-4 (2006) gives supplementary provisions for the design with stainless steels. Even 
so, for the ultimate resistance design of cold-formed stainless steel members the specifications 
given in EN 1993-1-3 (2006), which are conceived for carbon steel, are applied.  
Over lasts decades much research has been done in this field in order to achieve a better 
understanding of the stainless steel behaviour, as well as to check the applicability of the 
existing specifications, and to obtain new designing rules to provide the designers with more 
efficient ways of designing.  
Cold-formed members present high strength-to-weight ratio, so that a special attention has to be 
taken in the local instability phenomena, such as web crippling, web buckling, etc. These 
phenomena are complex and the most existing expressions to determine the resistance were 
obtained by statistical fitting of experimental data and as a consequence it is essential to check 
that the expressions are always placed in the conservative side.  
Owing to the absence of standards for stainless steel and framed in the European Project SAFFS 
(Structural Application of Ferritic Stainless Steel), a new expression to predict the web crippling 
resistance of stainless steel cold-formed members has been obtained. Within this work, the new 
expression will be validated statistically with the methods shown in EN 1990 (2002).  
1.2 Scope of this work  
The principal aim of this work is to determine the corresponding partial safety factor, γM, 
according to EN 1990 (2002), to validate the new expression proposed in (Bock, et al., 2013). 
The study might comprehend some readjustments of the new proposal to make it suitable to be 
incorporated in the current design rules for stainless steel EN 1993-1-4 (2006). The statistical 
evaluation will be tackled by considering the numerical results presented in (Bock, et al., 2013). 
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1.3 Outline and content 
In Chapter 2, a general overview of the existing literature about stainless steel studying the 
material properties and qualities is given. Also the web crippling phenomena is studied, and a 
review of the most important existing research work in carbon and stainless steel concerning 
this instability is presented. Finally, the current design rules to predict web crippling strength in 
stainless steel which refers to those for cold-formed carbon steel are described. 
Chapter 3 presents the new expression proposed by (Bock, et al., 2013) in the Department of 
Construction Engineering of the Universitat Politècnica de Catalunya (UPC). Moreover a 
review of the research performed is given and the available database used to carry out the 
statistical evaluation is presented.  
In Chapter 4, the standard statistical evaluation procedures according to the Annex D in  
EN 1990 (2002) is described. Then the influence of the new coefficient of variation included, 
VFEM, which takes into account the deviation between the numerical model and the experimental 
results since Annex D methods are based in the observation of real experiments, is analysed. 
Finally, the results of the statistical validation are presented and some coefficient readjustments 
are proposed. Further statistical results are presented to prove the suitability of the new 
calibration. 
The conclusions and outlooks of this work are provided in Chapter 5. 
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2 State of the art  
2.1 Stainless steel  
2.1.1 Introduction  
Stainless steel is an alloy of iron, chromium, and sometimes nickel and other metals which has 
excellent resistance to corrosion. Stainless steels are steels containing a minimum of 10.5% 
chromium and less than 1.2% carbon. The addition of other metals, such as molybdenum, 
titanium, niobium, manganese, nitrogen, copper, silicon, aluminium and vanadium, can improve 
its corrosion resistance and other physical properties.  
The corrosion resistance is achieved thanks to the reaction of chromium with oxygen that 
creates a passive self protecting layer on the surface. This protective layer has the ability to 
reform spontaneously if it is damaged by corrosives environments.  
Its ability to blend easily with other materials makes stainless steel one of the most used 
materials by the construction industry. Because of its proprieties —hygiene, easy maintenance 
and durability— stainless steel has became now a reference for other many applications like 
alimentary, automotive and medical industry. In Figure 2.1 there are shown some applications 
of stainless steels. 
 
 
Figure 2.1. Differents Stainless Steel Uses (Arcerlor-Mittal) 
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2.1.2 History  
Stainless steel use is relatively recent and it started to develop in 1920s. The alloy of iron and 
chromium was still used in 1821 but it was in 1904, in France, that Léon Guillet produced the 
first low carbon stainless steel. Few years later, in 1912, the first austenitic stainless steel was 
produced and patented by Eduard Maurer and Krupp. It was in 1913, in England, that Harry 
Brearley produced the first martensitic stainless steel trying to avoid the corrosion caused by 
alkaline food like lemon or vinegar.  
In 1929, several American companies started to market stainless steel for applications in the 
building sector, such as lifts, entrance lobbies, façades, balustrades, door frames... They based 
their sales highlighting stainless steel’s resistance to corrosion, its sanitary qualities and modern 
appearance. But it was in 1930s with the Chrysler Building (1930) and Empire State Building 
(1931) when stainless steel started to be promoted for architectural and construction issues. In 
Figure 2.2 there are some pictures of these two emblematic buildings.  
 
 
 
Figure 2.2. Chrysler Building on the top and Empire State Building on the bottom. 
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At the end of the 1950s, stainless steel started to be used for roofing, guttering and external 
cladding, thanks to the progress made in rolling. It continued its vigorous growth since the 
1950s and now it is used for façades, lifts, escalators and metalwork.  
Nowadays new applications for stainless steel have appeared in some sectors that were 
commonly reserved to other materials, such as structures, cladding for industrial buildings... that 
makes stainless steel accessible and no longer associated with a luxury image.  
2.1.3 The grades 
There are more than one hundred grades of stainless steel. In European standard EN 10088 
(2008) they are classified into seven main families —each of these has specific mechanical 
properties: hardness, yield stress, breaking strength, elongation, etc.— corresponding to precise 
metallurgical structures. 
 
 
Figure 2.3. Classification of stainless steels according 
to nickel and chromium content  
(Design Manual For Structural Stainless Steel, 2006) 
 
 martensitic: 0.1% carbon, 10.5 to 17% chromium. Mainly used for tooling, cutting tools 
and springs 
 ferritic: 0.02 to 0.06% carbon, 10.5 to 29% chromium, 0 to 4% molybdenum. These 
grades commonly used internally are now being developed for envelope and structural 
products 
 stabilised ferritic: with stabilisers, such as titanium, niobium or zirconium 
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 austenitic: 0.015 to 0.10% carbon, 16 to 18% chromium, 8 to 13% nickel, 0 to 4% 
molybdenum. The presence of nickel improves corrosion resistance and makes stainless 
steel more ductile. The presence of molybdenum further enhances the resistance to 
corrosion in an acid medium. Austenitic stainless steels account for 70% of global 
production 
 stabilised austenitic: with stabilisers, such as titanium, niobium or zirconium 
 low-nickel austenitic, or “200 series”: these are chromium manganese steels, with a low 
nickel content (always below 5%) 
 refractory austenitic: 0.2% maximum carbon, 20 to 25% chromium, 10 to 20% nickel  
 austenoferritic (or “duplex”) with, for example: 0.02% carbon, 3% molybdenum, 5.5% 
nickel and 22% chromium. They have a two-phase austenite and ferrite structure. They 
offer excellent qualities for a cost price that is contained because of their low nickel 
content, material that suffers from highly speculative prices. 
Although the high range of grades of stainless steel, not all of these are suitable for structural 
applications, particularly where welding is contemplated. The austenitic stainless steels and the 
duplex stainless steels are generally the more useful groups for structural applications. 
Austenitic stainless steels provide a good combination of corrosion resistance, forming and 
fabrication properties. Duplex stainless steels have high strength and wear resistance with very 
good resistance to stress corrosion cracking. 
2.1.4 Names 
In Europe, stainless steel names are designated according to EN 10088 (2008) with a number 
(i.e. 1.4307). This standard also includes a name designation which includes the composition in 
a more detailed manner, for example: X2CrNi18-9 for the 1.4307.  
 
1. 43 07 
Denotes steel  Denotes one group 
of stainless steel  
Individual grade 
identification 
 
X 2 CrNi 18-9 
Denotes high 
alloy steel  
100x % of carbon Chemical 
Symbols of main 
alloying elements 
% of main 
alloying elements  
 
Table 2.1 gives minimum specified mechanical properties of common stainless steels to EN 
10088-2 (2008). The chemical compositions of these grades are given in Table 2.2.  
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Table 2.1. Specified mechanical properties of common  
stainless steels according to EN 10088-2 (2008) 
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Table 2.2. Chemical composition according to EN 10088-2 (2008) 
 
2.1.5 Properties 
2.1.5.1 Introduction 
Every single grade of stainless steel —by the set of the elements used in the alloy— has a 
different quality, such as its ability to resist corrosion in aggressive environments, temperatures, 
absorb impacts, etc. That is why the various grades of stainless steel constitute a family of 
materials likely to answer a broad variety of potential requests. The choice of the suitable grade 
for the environment where the stainless steel will be placed (chemical, maritime, etc) is best left 
to the designers and it is their own responsibilities.  
Stainless steel is not only an interesting material for its resistance to corrosion but also for its 
mechanical strength (550 to 1400 MPa), its yield stress (220 to 1100 MPa) and its extremely 
favourable ratio of Young’s modulus of elasticity to density. That makes this material ideal for 
structures like footbridges and construction in seismic zones because combines stiffness with 
light weight. It also has other appreciated qualities, such as fire resistance, strength and ductility 
at very low temperatures, durability, recyclability and aesthetics.  
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2.1.5.2 Basic stress-strain behaviour 
The main difference of stainless steel between carbon steels is the shape of strain-stress curves. 
Carbon steel shows a linear behaviour until its yield point and a flat area before hardening. On 
the other hand stainless has a more rounded response and shows a nonlinear behaviour from 
small load levels without a clearly defined yield point. Therefore, stainless steel “yield” 
strengths are generally quoted in terms of a proof strength defined for a particular offset 
permanent strain, conventionally the 0,2% strain. Figure 2.4 shows typical experimental stress-
strain curves.  
 
Figure 2.4. Typical stress-strain curves for stainless steel and carbon steel.  
(Longitudinal tension) 
 
2.1.5.3 Factors affecting the strain-stress behaviour 
There are factors that can change the form of the basic stress-strain curve for any given grade of 
stainless steel. These factors are to some extent interdependent and include:  
Cold working 
Strength levels of austenitic and duplex grades are enhanced by cold working, associated with 
this enhancement a reduction in ductility is noted, but this normally has no consequences due to 
the initial high values of ductility, especially for the austenitic stainless steels. 
Strain-rate sensitivity 
A proportionally greater strength can be realised at fast strain rates for stainless steel than for 
carbon steel. 
Heat treatment 
Annealing, or softening, reduces the strength enhancement and the anisotropy. 
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2.1.6 Live cycle costing  
There is increasing awareness that life cycle (or whole life) costs, not just initial costs, should be 
considered when selecting materials. Life cycle costs take account of: 
 initial costs, 
 operating costs, 
 residual value. 
Stainless steel is sometimes considered to be an expensive material. However, experience has 
shown that using a corrosion resistant material in order to avoid future maintenance, downtime 
and replacement costs can save costs which far outweigh higher initial material costs. 
The initial cost of a structural stainless steel product is considerably higher than that of an 
equivalent carbon steel product, depending on the grade of stainless steel. However, savings 
will arise from the omission of surface coatings at regular (repeated) intervals in time. 
The excellent corrosion resistance of stainless steel can offer many benefits including: 
 reduced inspection frequency and costs, 
 reduced maintenance costs, 
 long service life. 
Stainless steel has a high residual value (i.e. value at the end of a structure's life), though this is 
rarely a deciding factor for a structure with a long projected life (for instance over 50 years). 
Life cycle costing uses the standard accountancy principle of discounted cash flow to reduce all 
those costs to present day values. The discount rate encompasses inflation, bank interest rates, 
taxes and, possibly, a risk factor. This allows a realistic comparison to be made of the options 
available and the potential long term benefits of using stainless steel to be assessed against other 
material selections. 
2.1.7 Availability of product forms 
Generally, sections may be produced by cold forming (rolling or bending), or fabricated by 
welding. This material also offers a wide range of surface finishes and so contributes to 
enhancing the aesthetic appearance of many structures and applications. 
2.1.7.1 Cold forming 
Material in the cold worked condition is available in various product forms including plate, 
sheet, coil, strip, bars and hollow sections: 
 plate, sheet, coil, strip (in thicknesses typically ≤ 6,0 mm.) 
 round bar (diameters from 5 mm to 60 mm) 
 square and rectangular hollow sections (cross-section dimensions up to 400 mm., 
thicknesses from 1.2 to 6 mm.) 
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2.1.7.2 Surface finish 
In certain applications, surface finish and appearance are important. Manufacturers offer a wide 
range of standard finishes, from mill finish through dull finishes to bright polish. Although the 
various finishes are standardized, variability in processing introduces differences in appearance 
between manufacturers and even from a single producer.  
Bright finishes are frequently used in architectural applications and it should be noted that 
bright finishes will exaggerate any out-of-flatness of the material, particularly on panel surfaces. 
Rigidized, embossed, textured, patterned or profiled sheets with a rigid supporting frame will 
reduce this tendency. 
2.2 Web crippling  
2.2.1 Introduction  
Cold formed steel members are widely used due to their elevated strength-to-weight ratio 
compared with other structural materials. They are usually members with high width-to-
thickness and high height-to-thickness ratios, so a strong attention has to be taken in the local 
instability phenomena, such as web buckling, web crippling, buckling due to the shear, etc.  
Web crippling is an instability phenomenon, where the web buckles due to concentrated 
transverse forces. Usually located at points where the stresses are excessive such as supports or 
concentrated loads.  
Some pictures of a beam concerning web crippling phenomenon from tests performed by VTT 
Technical Research Centre of Finland are shown in Figure 2.5. 
 
 
 
Figure 2.5. Web crippling phenomena. 
(Bock, et al., 2013) 
 
Depending on the section and its dimensions web buckling, web crippling and often a 
combination of both can occur, even when loads are not transferred evenly into webs. This 
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condition can reduce the load carrying capacity of flexural members as the bearing capacity is 
governed by the web crippling resistance. 
The theoretical analysis of web crippling under concentrated loading condition is very complex 
because it involves a large number of factors, such as the non-uniform stress distribution, initial 
imperfection of the web plate, local yielding in the region where load is applied, elastic and 
inelastic instability of the web plate, and other factors (Yu, 2000). Due to these difficulties, most 
of the research carried out mainly in carbon steel and therefore predictions, as well as 
recommendations, have been based on experimental results. Hence, the web crippling design 
equations are generally empiric.  
The main problem of these recommendations is that are confined to the range for which they 
have been proved and do not give adequate insight in the structural behaviour. Furthermore, 
these expressions for stainless steel have been extrapolated from carbon steel without taking 
into account differences between both materials. 
In general, current design rules provide empirically defined formulae for the calculation of web 
crippling strength of cold-formed steel members. Four different loading conditions can 
generally be distinguished: 
 EOF: End One-Flange loading 
 IOF: Interior One-Flange loading 
 ETF: End Two-Flange loading 
 ITF: Interior Two-Flange loading 
Figure 2.6 indicates the four different loading conditions If the distance between the edges of 
the bearing plates on opposite sides of the web is more than 1.5 times the web height hw, one-
flange loading is assumed to govern. If the distance is less than 1.5 times the web height, two-
flange loading is assumed. Furthermore, if the distance from the end of the member to the outer 
edge of the bearing or support plate is less than 1.5times the web height, the loading is assumed 
to be end loading. If the distance is more than 1.5 times the web height, interior loading is 
assumed. (Kaitila, 2004). 
 
 
Figure 2.6 Four different loading conditions (Kaitila, 2004) 
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The calculation of web crippling load tends to be an unwieldy design procedure. To assist 
designers it is therefore necessary to develop equations that provide a reasonably fast and 
efficient web crippling check. 
Following there is presented a review of the existing research works, in both carbon steel and 
stainless steel; also a little review of the existing design rules and a summary table of the 
different experimental tests carried on stainless steel.  
2.2.2 Existing research work 
2.2.2.1 Carbon steel 
Because of the many factors influencing the ultimate web crippling strength of cold-formed 
steel sections, the majority of research has been experimental, but also finite element modelling 
has been used to model web crippling behaviour. Some authors (Bakker, 1992) and (Hofmeyer, 
2000) have also created mechanical models to explain and reproduce the web crippling 
phenomena, in order to develop some expressions with theoretical basis. 
As has already been said, the current design methods are based on curve-fitting of experimental 
results; some authors (Rhodes, et al., 1998) have criticized it for two main reasons. 
i. The rules are strictly confined to the range for which they have been proven. 
ii. It is often difficult to ascertain the engineering reasoning behind the different parts of 
the rather complex equations. 
For these reasons, a number of researchers have worked to create mechanical models that could 
be used to produce more accurate and descriptive design methods for web crippling. Although 
promising results have been achieved, these methods have not yet been incorporated in design 
practice.  
A big amount of studies involving web crippling strength of carbon steel have been carried out. 
The first research on web crippling was conducted in Cornell University (Winter, et al., 1946). 
They first identified the four load cases used in web crippling studies. Based on their tests, the 
study found that the web crippling strength of unreinforced webs depends primarily on the yield 
strength of the steel and on the geometric ratios of sections which are still used nowadays in 
web crippling equations.  
Since then, several tests and experimental studies have been carried out on Interior loading and 
End One-Flange loading of multi-web deck sections also the interaction of bending and web 
crippling of multi-web deck sections. Experimental studies on web crippling of high strength 
steel beams under the four load conditions for channel sections and hollow sections were also  
Some authors have also proposed mechanical models as an alternative method for the web 
crippling study. These mechanical models are based on mechanics rather than curve fitting of 
experimental results and describe the behaviour of sections. 
An analytical model was developed for the prediction of ultimate load for sheeting under pure 
concentrated load at an end support (Bähr, 1978). The yield line theory was used to create a 
numerical model to simulate web crippling of a cold formed steel hat section in order to reduce 
the statistical deviation between experimental data and theoretical load capacity instead of 
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proposing design equations (Bakker, 1992). A mechanical model was created to determine the 
failure load of sheeting taking into account the moment redistribution (Reinsch, 1983). A 
mechanical model was developed for the prediction of ultimate load of sheeting (Tsai, et al., 
1946). Two different models were developed for the prediction of the ratio between force and 
web crippling deformation (Vaessen, 1995). Some post-failure mechanical models were 
developed covering all post-failure modes (Hofmeyer, 2000).  
Nowadays, the research work is focused on the determination of the failure mechanical models 
based on the yield line theory, to create a simplified and generalised expression for the web 
crippling strength of cold-formed sections. Three different mechanical models, depending on 
the problem and cross-section geometry, can be distinguished (Bakker, 1992) (Hofmeyer, 
2000). The three models are represented in Figure 2.7, Figure 2.8 and Figure 2.9. 
 
 
Figure 2.7 The rolling mechanism 
 
Figure 2.8 The yield arch mechanism  
 
Figure 2.9 The yield eye mechanism 
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The rolling mechanism is present when sections are subjected to large concentrate loads and 
small bending moments. However, in practice sections are subjected to both large concentrate 
loads and large bending moments. So the most dominant mechanisms are the yield arc and the 
yield eye mechanisms. 
A new model which involves the structural behaviour of steel sections based on two existing 
models was developed (Hofmeyer, et al., 2001). This model has been compared to experimental 
tests carried out by (Wing, 1981), (Hofmeyer, et al., 1996), and also to EN 1993-1-3 (2006). 
2.2.2.2 Stainless steel 
Due to non-linearity of the material, the residual stresses distribution and the variability in the 
resistance due to hardening, the experimental tests are one of the best tools to determine 
numerically or analytically the ultimate resistance of cold-formed stainless steel members. 
Unfortunately a lack of studies involving web crippling strength of stainless steel comparing 
with carbon steel can be noticed.  
The first web crippling studies carried out in stainless steel found were performed by (Korvink, 
et al., 1995) in the Rand Afrikaans University. The goal of this study was to compare 
experimental results on stainless steel lipped channel sections subjected to web crippling with 
the 1991 ASCE Specification for the Design of Cold-Formed Stainless Steel Structural 
Members (ANSI/AISI-8-90, (1991)). 
Other experimental investigations were developed under the European research project called 
“Development of the use of stainless steel in construction” (Talja, et al., 1995) and (Selen, E, 
2000). 
In 2004 new studies on web crippling were developed for a new European project, specifically 
focused in structural design of cold worked austenitic stainless steel members. (Talja, 2004) and 
(Zilli, 2004) fulfilled studies on stainless steel type 1.4318 in two conditions: annealed with 
similar to strength level C700 with 330-350MPa and cold-formed with a strength level C850. 
The tests were performed under IOF loading. The objective was to study the behaviour of the 
sections and compare experimental and numerical simulations with EN 1993-1-4 (2006). 
Since 2006, Zhou and Young have been carrying out big amount of tests on cold formed 
stainless steel members subjected to web crippling. Tests of cold-formed stainless steel square 
and rectangular hollow sections are described in (Zhou, F. and Young, B., 2006) for normal 
strength materials and for high strength materials in (Zhou, F. and Young, B., 2007). A total of 
91 tests were performed under the four loading conditions, IOF, EOF, ITF and ETF. In these 
studies the unified equation in the NAS specification for cold-formed carbon steel is adapted to 
different stainless steel grades. A new equation (Eq. 2.1) was proposed. In Table 2.3 there are 
shown the coefficients which were proposed.  
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Table 2.3 Proposed web crippling design parameters for cold-formed stainless steel square and 
rectangular hollow sections calibrated in (Zhou, F. and Young, B., 2006) and (Zhou, F. and Young, 
B., 2007) 
 
Using the tests, a new design procedure was proposed derived through a combination of 
theoretical and empirical analysis for cold-formed stainless steel RHS, SHS sections under web 
crippling (Zhou, F. and Young, B., 2006). Three yield line mechanisms models were developed, 
one for end loading (EL) condition while the others for the interior two-flange loading (ITF) 
condition and the exterior two-flange loading (ETF) condition. 
Furthermore, (Zhou, F. and Young, B., 2007) performed 64 tests on stainless steel SHS and 
RHS seated on a solid foundation subjected to web crippling IF and EF loading which is not 
include in the design rules. The stainless steel grades were high strength 304 and duplex. The 
main objective of the study was to calibrate the coefficients of the unified equation of NAS 
specification for this particular case.  
Also an experimental investigation on cold-formed stainless steel SHS and RHS subjected to 
combined bending and web crippling was also carried out by (Zhou, F. and Young, B., 2007), 
and a total of 21 tests were realized. The goal of the investigation was to compare experimental 
results with strengths obtained using design rules. 
A review of all studies dealing with web crippling of cold-formed stainless steel tubular sections 
was gathered in (Zhou, F. and Young, B., 2008). 
Finally, framed in the European Project SAFFS (Structural Application of Ferritic Stainless 
Steel), the expression proposed in EN 1993-1-4 (2006) for determining the web crippling 
resistance in stainless steel cold formed sections has been analysed. The research work was 
carried out in the Department of Construction Engineering Universitat Politècnica de Catalunya 
(UPC) and a new expression was published in (Bock, et al., 2013) 
2.2.3 Summary of the earlier work on stainless steel cold-formed members 
Following there is presented the summary of the experimental tests aforementioned done in the 
last twenty years in the main research centres of the world.  
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Author (Year) Load cases Cross Section Material (Type) Number of tests 
Korvink and van den Berg (1993)  
 
IOF - Lipped Channel  - 430 (Ferritic)  
- 3Cr12 (Ferritic)  98 
Korvink et al. (1995) EOF - Lipped Channel Sections by press 
break process 
- 304 (Austenitic) 
- 430 (Ferritic) 
- 409 or 3Cr12 (Ferritic) 
139 
Talja and Salmi (1995) IOF - SHS  
- RHS  
- 304(Austenitic) 6 
Talja (1997)  IOF - Unstiffened sheeting  
- Sheeting Flange Stiffened  
- Sheeting Flange and Web 
Stiffened 
- 304 (Austenitic)  
9 
Sélen (2000)  IOF 
EOF 
- I Sections  - 304 (Austenitic) 9 
Zilli (2004)  IOF - Unstiffened Trapezoidal  
- Stiffened Trapezoidal  
- HAT  
- 301LN (Austenitic)  
- 304 (Austenitic)  8 
Talja (2004) IOF - RHS: 100x100x3 120x80x3 
140x60x3 with two specimens for 
each section size for C700 anb 
C850 
1.4318 or X2CrNi18-7 in two 
conditions: 
- Annealed (similar to strength level 
C700 with 330–350 N/mm2) 
- Cold worked (strength level C850) 
15 
Zilli (2004) IOF - Trapezoidal unstiffened profiles  
- Trapezoidal stiffened profiles  
- Top hat profiles  H50 x100x2, 
H100 x100x2 and H150x100x2 
1.4318 or X2CrNi18-7 in two 
conditions: 
- Annealed (similar to strength level 
C700 with 330–350 N/mm2) 
- Cold worked (strength level C850) 
 
 
20 
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Author (Year) Load cases Cross Section Material (Type) Number of tests 
Gardner and Nethercot (2004)  IOF - SHS  
- RHS  
- CHS  
- 301LN (Austenitic) 
9 
Zhou and Young (2006) ITF 
ETF 
EL 
 
- SHS: (40x40x2), (50x50x1.5), 
(150x150x3), (150x150x6), 
(40x40x2), (40x40x4), (80x80x2) 
and (80x80x5) 
- RHS: (140x80x3), (160x80x3), 
(200x110x4), (100x50x2), 
(100x50x4), (120x60x2) and 
(120x60x4)   
- 304 (Austenitic) 
- HSA (High Stress Austenitic) 
- Duplex (considered as a high 
strength steel) 30 
Zhou and Young (2006) IOF 
EOF 
ETF 
ITF 
- SHS 
- RHS 
304 Normal strength 
33 
Zhou and Young (2007) IOF 
EOF 
ETF 
ITF 
- SHS 
- RHS 
 
- 304 (Austenitic) 
- HSA (High Strength Austenitic) 
- Duplex  58 
Zhou and Young (2007) IF  
EF  
Both of them 
seated on a 
fixed flat steel 
base plate 
(which is not 
considered in 
design rules) 
 
- SHS  
- RHS  
 
- 304 (high strength austenitic) 
- Duplex (considered as a high 
strength steel) 
64 
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Author (Year) Load cases Cross Section Material (Type) Number of tests 
Zhou and Young (2007) IOF  
Combining 
bending and 
web crippling 
- SHS: (50x50x1,5) and 
(150x150x6)  
- RHS: (140x80x3), (160x80x3) 
and (200x110x4) 
- 304 (high strength austenitic) 
- Duplex (considered as a high 
strength steel) 21 
Talja and Hradil (2011) SAFSS 
Project  
IOF 
EOF 
- SHS  
- HAT  
- 441 (Ferritic)  10 
Table 2.4 Web crippling experimental studies  
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2.2.4 Existing design rules 
The web crippling design rules in specifications for stainless steel structures are adopted from 
the specifications for carbon steel structures. The web crippling design rules for stainless steel 
can be found in EN 1993-1-4 (2006) for stainless steel members, referred to the EN 1993-1-3 
(2006) for steel cold formed members. 
Other specifications for the design of cold-formed stainless steel structural members are the 
American Society of Civil Engineers Specification (ASCE) (2002) and the Australian/New 
Zealand Standard (AS/NZS) (2001).  
The web crippling design rules in these specifications are generally classified into the four 
loading conditions, namely, end-one-flange (EOF), interior-one-flange (IOF), end-two-flange 
(ETF), and interior two-flange (ITF).  
As the previous research and the current document is based in the specifications given by the 
Eurocode 3, following is presented in detail a review of all the procedures given by this standard 
to derivate the web crippling resistance. 
2.2.4.1 EN 1993-1-3 (2006) 
According to 6.1.7 Article on EN 1993-1-3 (2006), there are three different procedures to 
derivate the web crippling resistance, which differences between unstiffened or stiffened webs. 
The local resistance of one web should be obtained as follows:  
a) For an unstiffened web:  
 For a cross section with a single web from 6.1.7.2.  
 For any other case, including sheeting from 6.1.7.3. 
b) For a stiffened web from 6.1.7.4.  
2.2.4.1.1 Cross-sections with a single unstiffened web 
(1) For a cross-section with a single unstiffened web, see figure 6.6, the local transverse 
resistance of the web may be determined as specified in (2), provided that the cross-section 
satisfies the following criteria: 
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(2) For cross-sections that satisfy the criteria specified in (1), the local transverse resistance of a 
web Rw,Rd may be determined as shown if figure 6.7. 
(3) The values of the coefficients k1 to k5 should be determined as follows: 
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(4) If the web rotation is prevented either by suitable restraint or because of the section 
geometry (e.g. I-beams, see fourth and fifth from the left in the figure 6.6) then the local 
transverse resistance of a web Rw,Rd may be determined as follows: 
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In the case of two equal and opposite local transverse forces distributed over unequal bearing 
lengths, the smaller value of ss should be used. 
2.2.4.1.2 Cross-sections with two or more unstiffened webs 
(1) In cross-sections with two or more webs, including sheeting, see figure 6.8, the local 
transverse resistance of an unstiffened web should be determined as specified in (2), provided 
that both of the following conditions are satisfied: 
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(2) Where both of the conditions specified in (1) are satisfied, the local transverse resistance 
Rw,Rd per web of the cross-section should be determined from 
 
(3) The values of la and α should be obtained from (4) and (5) respectively. The maximum 
design value for la = 200 mm. When the support is a cold-formed section with one web or round 
tube, for ss should be taken a value of 10 mm. The relevant category (1 or 2) should be based on 
the clear distance e between the local load and the nearest support, or the clear distance c from 
the support reaction or local load to a free end, see figure 6.9.  
(4) The value of the effective bearing length la should be obtained from the following: 
 
in which |VEd,1| and |VEd,2| are the absolute values of the transverse shear forces on each side of 
the local load or support reaction, and |VEd,1| ≥ |VEd,2| and ss is the length of stiff bearing. 
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(5) The value of the coefficient α should be obtained from the following:  
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2.2.4.1.3 Stiffened webs  
(1) The local transverse resistance of a stiffened web may be determined as specified in (2) for 
cross-sections with longitudinal web stiffeners folded in such a way that the two folds in the 
web are on opposite sides of the system line of the web joining the points of intersection of the 
midline of the web with the midlines of the flanges, see figure 6.10, that satisfy the condition: 
 
(2) For cross-sections with stiffened webs satisfying the conditions specified in (1), the local 
transverse resistance of a stiffened web may be determined by multiplying the corresponding 
value for a similar unstiffened web, obtained from 6.1.7.2 or 6.1.7.3 as appropriate, by the factor 
κa,s given by: 
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3 New Web Crippling Proposal 
3.1 Introduction  
A new equation to predict ultimate strength of stainless steel cold-formed members subjected to 
web crippling was proposed by (Bock, et al., 2013) in the Department of Construction 
Engineering of the Universitat Politècnica de Catalunya (UPC). The study was focused on 
square hollow sections (SHS), rectangular hollow sections (RHS) and hat sections undergoing 
concentrated loads in one flange. The goal of the study was to propose a new expression for 
cross-sections with two or more webs, based on the actual EN 1993-1-3 6.1.7.3 formula  
(Eq. 3.1), in order to consider the stainless steel strain-hardening. 
The EN 1993-1-3 6.1.7.3 expression (Eq. 3.1) depends on geometrical parameters, such as the 
internal radius (r), the thickness (t), the number of webs (nw) and the angle (𝜙𝜙) between the web 
and the flange. Moreover, material mechanical properties are also considered including the 
Young modulus (E) and the material proof strength (σ0.2), however, material nonlinearities are 
not taken into account. The bearing length (la), is equal to ssL in IOF, ssa in EOF or 10mm 
(Figure 3.1). Finally α, which is a non-dimensional coefficient, depends on the test 
configuration and the section type, which are ascribed accordingly the experiment category. 
𝑅𝑅𝑤𝑤 ,𝑅𝑅𝑅𝑅 = 𝑣𝑣𝑤𝑤  𝛼𝛼 𝑡𝑡2�𝜎𝜎0.2 𝐸𝐸 �1 − 0.1�𝑣𝑣𝑡𝑡��0.5 + �0.02𝑙𝑙𝑣𝑣𝑡𝑡 � �2.4 + � 𝜙𝜙90�2� / 𝛾𝛾𝑀𝑀1  Eq. 3.1 
 
 
Figure 3.1. IOF and EOF test configuration. 
 
The parameters that influence the web crippling resistance were studied and a new expression 
(Eq. 3.2) was proposed. Three mainly changes were proposed: the σ1.0 inclusion in order to 
consider the material strain-hardening that stainless steel shows, some adjustments in the 
internal radius influence and the bearing length effect on the EOF test configurations. As well as 
some constant values (β, δ and ξ) were added to obtain better adjustment.  
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𝑅𝑅𝑤𝑤 ,𝑅𝑅𝑅𝑅 = 𝑣𝑣𝑤𝑤  𝛼𝛼 𝑡𝑡2�𝜎𝜎0.2 𝐸𝐸 �𝜉𝜉 𝜎𝜎1.0𝐸𝐸 �𝑘𝑘 �𝛽𝛽𝑡𝑡𝑣𝑣 �0.5 + �0.01𝑙𝑙𝑣𝑣𝑡𝑡 � �2.4 + � 𝜙𝜙90�2� / 𝛾𝛾𝑀𝑀1  Eq. 3.2 
Where 
𝑘𝑘 = 𝛿𝛿𝑣𝑣
𝑡𝑡
  
And la must be taken from:  
Category 1: la=0.01ss 
Category 2: la=2.2ss 
 
Category 1 responds to EOF test configuration and Category 2 to IOF test.  
The calibration of the four non dimensional coefficients (α, β, δ and ξ) was carried out with the 
parametric study results, which adds more representative results to the sensitivity study made 
before to propose the new expression. The calibrated coefficients are gathered in the following 
table:  
 
 Category 1 (EOF) Category 2 (IOF) 
 SHS/RHS HAT SHS/RHS HAT 
α 0.07 0.085 0.13 0.14 
β 2.14 1.65 0.59 0.81 
δ 0.22 0.13 0.14 0.065 
ξ 2200 2275 2700 2000 
Table 3.1 Non-dimensional coefficient values. 
 
It should be mentioned that in the IOF test configuration the web crippling resistance could be 
reduced because of the combined bending and concentrate load. The interaction should be taken 
into account as described in Eq. 3.3. Where L is the specimen long-span of the specimen, Mc,Rd 
is the ultimate bending resistance and Rw,Rd.is the web crippling resistance. 
 
Eq. 3.3 
The study was based on numerical simulations using finite element software ABAQUS, which 
were previously validated using a total of 13 experimental results from (Gardner, et al., 2006) 
and (Talja, et al., 2011).  
The new proposal results were compared with the EN 1993-1-3 formula pointing out that the 
new proposal provides more accurate results. In the current study the new proposal will be 
validated statistically in order to evaluate the partial safety factor and see if the partial factor is 
1.1, which is the value recommended for this instability phenomenon in EN 1993-1-4, or higher.  
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3.2 The numerical model used 
The analysis of any physical or mechanical phenomena using means of Finite Elements 
Analysis is a powerful and cheap way to study that kind of phenomena, such as web crippling, 
patch loading, etc. making the most of the computers powerful systems.  
Numerical models have been carried out the study by the means of software ABAQUS with a 
versatile plug-in developed by VTT Technical Research Centre of Finland (Hradil, 2010), which 
automatically generates and calculates specimens depending on the input data that requires the 
test configuration.  
The Finite Element Model was verified against a total of 13 cold-formed stainless steel square 
and rectangular hollow sections and hat sections subjected to web crippling from (Gardner, et 
al., 2006) and (Talja, et al., 2011). In Figure 3.2 there are compared the deformed shapes 
between the experimental tests done by the VTT and numerical models developed by (Bock, et 
al., 2013). 
 
 
Figure 3.2. Comparison between experimental and numerical deformed shapes 
 
3.3 Sensitivity study 
Having verified that the FEM properly predict the behaviour of the cross-sections a sensitivity 
study was performed in order to investigate the response of the model to key input parameters to 
analyse. The aim of the sensitivity study was clearly highlight the differences in cross section 
geometry and in specific material parameters.  
Web crippling tests were conducted on two square sections, one rectangular section and one hat 
section undergoing IOF and EOF tests following the schemes on Figure 3.3. The cross section 
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dimensions used in the sensitivity study are shown in Table 3.2 according to the parameters 
described in Figure 3.4. 
 
 
Figure 3.3. IOF (a) and EOF (b) test configuration and profile collocation 
 
 Label b (mm) hw (mm) c (mm) rm (mm) 
SHS 80x80xt S1 80 80 - 5 
Hat 80x80x30xt S2 80 80 30 5 
SHS 100x100xt S3 100 100 - 2.5 
RHS 80x100xt S4 80 100 - 6 
Table 3.2. Cross section dimensions and labels used in the study. 
 
Figure 3.4. Nomenclature of the hat and hollow cross sections. 
 
Table 3.3 shows the material properties of the six studied materials which were divided in two 
groups. Group N was to study the difference in the non linear parameter (n). Since for n values 
under 10 (n<10) the material is considered as austenitic and for values greater or equal to 10, 
(n≥10) the material is considered as a ferritic stainless steel, then the N1 material could be 
considered as austenitic and the other ones (N2, N3, F1, F2 and F3) could be considered ferritic 
stainless steel.  
 
 E0 (GPa) 
σ0.2 
(MPa) n 
σu 
(MPa) m εu 
σu / 
σ0.2 
N1 200 300 5 600 2.75 0.5 2 
N2 200 300 10 600 2.75 0.5 2 
N3 200 300 25 600 2.75 0.5 2 
F1 200 300 10 420 3.5 0.29 1.4 
F2 200 400 10 560 3.5 0.29 1.4 
F3 200 500 10 700 3.5 0.29 1.4 
Table 3.3. Material Properties for the Sensitivity Study 
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As n value increases, the material changes from stainless steel to carbon steel. The specific 
value is not defined yet, but is around 70 for cold-formed members and 100 for hot-rolled 
members.  
On the other hand, Group F studies the effect of increased strength (σu) due to cold-working 
with a lower σ1/σ2 ratio than Group N.  
In the numerical analysis each specimen was labelled to be easily identified. The two firsts 
characters indicate the material type according to Table 3.3 (i.e. N1). The following two 
characters correspond to the section type according to Table 3.2 (i.e. S2) and finally the last two 
numbers correspond to the nominal thickness of the sheet.  
For the sensitivity study they carried out 48 tests in SHS IOF test, 12 for the HAT IOF test, 48 
for SHS EOF test and 12 for the HAT EOF test configuration.  
3.4 Parametric study  
As in the sensitivity study they pointed out that the non-linear factor does not have influence in 
the web crippling resistance the parametric study is focused only in hardening rate variations. 
Only four materials were studied, which properties are gathered in Table 3.4. 
 
 E0 (GPa) 
σ0.2 
(MPa) 
σ1.0 
(MPa) 
σu 
(MPa) n m εu 
σu / 
σ0.2 
B1 200 250 256 275 10 3 0.4 1.1 
B1* 200 250 262.2 300 10 3 0.4 1.2 
B2 200 250 275 350 10 3 0.4 1.4 
B2* 200 250 300 450 10 3 0.4 1.8 
Table 3.4. Material Properties for the Parametric Study 
 
Some additional tests were carried out in order to study the effect of the internal radius and the 
bearing length parameters more accurately, which are parameters that have an important role in 
the Web Crippling formulation.  
The specimens were labelled as it follows: the two first characters indicate the material 
according to Table 3.4 (i.e. B1), the following two characters define the cross-section according 
to Table 3.2 (i.e. S2), the number following correspond to the nominal thickness of the 
specimen (i.e. 1) and finally, the last numbers of the label were added when varying the internal 
radius or the bearing length.  
A total of 284 tests were carried out in the study divided in: 44 tests for SHS IOF test, 64 for the 
HAT IOF test, 32 for the SHS EOF test and 24 for the HAT EOF test configuration.  
3.5 Available test data 
Annex A1 shows the complete available data to be used in the current statistical validation. 
Following a summary of the numbers of tests divided in the test loading configuration and in the 
cross section is shown.  
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3.5.1 Summary of the total of totals tests 
For the current statistical analysis there are a total of 284 tests available. With a rectangular or 
square hollow section there are a total of 92 tests undergoing IOF and a total of 80 undergoing 
EOF. With the hat cross section there are 76 tests undergoing IOF and 36 undergoing EOF 
loading configuration. In Table 3.5 is presented a summary of the total of totals test carried out 
by (Bock, et al., 2013). 
 
Cross-Section Test Configuration TOTAL Senitivity Study Parametric Study 
R/SHS IOF 48 44 
 EOF 48 32 
HAT IOF 12 64 
 EOF 12 24 
  120 164 
TOTAL OF TOTALS 284 
Table 3.5. Available Database. 
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4 Statistical Evaluation 
4.1 Introduction  
In the Ultimate Limit State of design (ULS), the design value of the effect of the loading actions 
on the structure should be less than the corresponding design resistance. So it means that 
relationships of the following form have to be satisfied: 
𝐸𝐸𝑅𝑅  ≤  𝑅𝑅𝑅𝑅  Eq. 4.1 
Where:  
Ed  is the design value of the effect of actions such as an internal moment or vector 
in the member or element under consideration due to the factored applied 
loading acting on the structure 
Rd is the corresponding design resistance, as given in the appropriate clause in 
these recommendations 
The design resistance, Rd, is generally given as Rk/γM, where Rk is a characteristic resistance and 
γM is a partial factor. The partial factor γM takes on various values and should be always greater 
than 1.0. Table 4.1 gives the γM values to be used in the design of the stainless steel structures 
according to the Design Manual for Structural Stainless Steel (2006). 
The predicted design value of the web crippling resistance, Rw,Rd, can be determined by dividing 
the characteristic value, Rw,Rk, by the partial safety factor, γM, which in case of the web crippling 
phenomena, the partial factor is γM1 and is equal to 1.1 according to EN 1993-1-4 (2006). 
𝑅𝑅𝑤𝑤 ,𝑅𝑅𝑅𝑅 = 𝑅𝑅𝑤𝑤 ,𝑅𝑅𝑘𝑘𝛾𝛾𝑀𝑀1  Eq. 4.2 
The aim of the study is to obtain the coefficients, Ck and Cd, to include in the function proposed 
in (Bock, et al., 2013) (Eq. 4.3) in order to obtain the characteristic (Eq. 4.4) or the design 
function (Eq. 4.5) of the proposal and check the validity of the new model obtaining the partial 
factor, γM. 
𝑓𝑓�𝑋𝑋� = 𝑅𝑅𝑤𝑤 = 𝑣𝑣𝑤𝑤  𝛼𝛼 𝑡𝑡2�𝜎𝜎0.2 𝐸𝐸 �𝜉𝜉 𝜎𝜎0.1𝐸𝐸 �𝑘𝑘 �𝛽𝛽𝑡𝑡𝑣𝑣 �0.5 + �0.01𝑙𝑙𝑣𝑣𝑡𝑡 ��2.4 + � 𝜙𝜙90�2�  Eq. 4.3 
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𝑓𝑓𝑘𝑘 =  𝐶𝐶𝑘𝑘   𝑓𝑓�𝑋𝑋� Eq. 4.4 
𝑓𝑓𝑅𝑅 =  𝐶𝐶𝑅𝑅   𝑓𝑓�𝑋𝑋� Eq. 4.5 
 
 
Table 4.1. Recommended values for γM  
(Design Manual for Structural Stainless Steel (2006)) 
 
The partial safety factor, γM, will be determined by dividing Ck by Cd, which is in fact divide 
Rw,Rk by Rw,Rd. The coefficients will be obtained by using the Annex D methods of EN 1990 
(2002), which pretends to define the procedure for calibrating resistance models and deriving 
the design (Rw,Rd) and the characteristic (Rw,Rk) values from tests. Since the entire available 
database is based in numerical tests and the methods proposed in EN 1990 (2002) are based on 
the observation of real experiments, a little modification will be introduced in order to include 
the deviation between the numerical model and the experimental results.  
Since the expression makes distinction between the cross section, rectangular and square hollow 
section or hat section, the test loading conditions, EOF or IOF, and an addition distinction will 
be made between the two different materials available, austenitic or ferritic stainless steel a total 
of 16 partial safety factors will be obtained.  
Annex D in EN 1990 (2002) gives two standard methods to obtain the characteristic or design 
resistance. Characteristic resistance will be obtained from Method (a) and the design resistance 
from Method (b). These two methods are presented as a number of discrete steps and some 
assumptions regarding the test population are made and explained. The steps are mostly the 
same in the two methods and the only difference remains in the fractile used to derivate each 
value.  
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In Method (a) the 5% fractile is used while in Method (b) is used the 0.1% fractile. This gives a 
probability of observing a lower value for the characteristic or for the design resistance of about 
5% or a 0.1% respectively.  
The validity of the new model should be checked by these methods, and if it is necessary the 
design model will be adjusted re-calibrating the non dimensional coefficients (α, β, δ and ξ) 
properly until the ratio Rw,Rk/Rw,Rd is set to 1.1 (Ck/Cd = 1.1) and the resistance function is the 
characteristic function (Ck ≈ 1.0 ) 
4.2 Available test data 
The whole available test data is shown in Annex A1, based in the parametric and sensitivity 
study carried out by (Bock, et al., 2013). So, there are “experimental results” obtained by means 
of finite element methods, and the theoretical values obtained with the new proposal model.  
It seems not very appropriate to considerate the same Safety Factor (γM1) for two different 
materials. So the sample of tests is divided in two different materials, austenitic and ferritic 
stainless steel —unfortunately the sample for the austenitic tests is reduced—also in the 
different cross sections, HAT and S/RHS; and in the different loading cases, EOF and IOF. Also 
a distinction will be made between the basic variable owing to two different coefficients of 
variation for the basic variables are given by two different institutions (Universitat Politècnica 
de Catalunya (UPC) and Imperial College (IC)). On account of the austenitic material sample is 
reduced, the analysis will be performed including also the tests made with the ferritic material 
and changing the coefficients of variation for the austenitic coefficients of variation. 
In any case an analysis considering the whole population of tests will be carried out in order to 
see if the analysis is sensitive to these variations.  
4.3 Derivation of the design values 
According to the EN 1990 (2002) the derivation from tests of the design values for a material 
property, a model parameter or a resistance should be carried out in one of the following ways:  
 Method (a): By assessing a characteristic value, which is then divided by a partial 
factor which should be always greater than 1.0.  
 Method (b): By direct determination of the design value, implicitly or explicitly 
accounting for the conversion of results and the total reliability required 
Using the method (a) the derivation of a characteristic value from tests and should take into 
account: 
i. the scatter of test data 
ii. statistical uncertainly associated with the number of tests 
iii. prior statistical information 
Using the method (b) should take into account:  
i. the relevant limit states 
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ii. the required level of reliability 
iii. compatibility with the assumptions relevant to the actions side in expression 
iv. where appropriate, the required design working life 
v. prior knowledge from similar cases 
4.4 Standard evaluation procedure [Method (a)] 
For the standard evaluation procedure the following assumptions are made: 
i. the resistance function is a function of a number of independent variables Xi 
ii. a sufficient number of results is available 
iii. all relevant geometrical and material properties are measured 
iv. there is no correlation (statistical dependence) between the variables in the resistance 
function 
v. all variables follow either a Normal or a log-normal distribution 
4.4.1 Step 1: Develop a design model 
The new design model proposal for the web crippling resistance is defined as aforementioned in 
(3. New Web Crippling Proposal) 
𝑣𝑣𝑡𝑡 = 𝑔𝑔𝑣𝑣𝑡𝑡 �𝑋𝑋� = 𝑅𝑅𝑤𝑤 = 𝑣𝑣𝑤𝑤  𝛼𝛼 𝑡𝑡2�𝜎𝜎0.2 𝐸𝐸 �𝜉𝜉 𝜎𝜎0.1𝐸𝐸 �𝑘𝑘 �𝛽𝛽𝑡𝑡𝑣𝑣 �0.5 + �0.01𝑙𝑙𝑣𝑣𝑡𝑡 ��2.4 + � 𝜙𝜙90�2�  Eq. 4.6 
The resistance function covers all relevant basic variables. The geometrical variables are 
covered with the internal radius (r), the thickness (t), the angle (𝜙𝜙) between the web and the 
flange, and the bearing length (la). Additionally, material mechanical properties are also covered 
with the Young modulus (E), the material proof strength (σ0.2), and (σ1.0) to consider the 
material strain-hardening. 
4.4.2 Step 2: Compare experimental and theoretical values  
Substituting the measured parameters Xi —thickness, internal radius, etc— into the resistance 
function with the corresponding non-dimensional coefficient values, the theoretical values rti 
will be obtained. The experimental resistance rei is obtained using finite elements analysis.  
The points representing pairs of corresponding values (rti, rei) will be plotted in a diagram, see 
Figure 4.1. 
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Figure 4.1 (rei, rti) diagram. 
 
If the resistance function is exact and complete, then all of the points will lie on the line θ=π/4. 
However, in practice the points usually show some scatter. If the points show systematic 
deviation from that line should be investigated to check whether this indicates errors in the test 
procedures or in the resistance function. See Annex A2.  
4.4.3 Step 3: Estimate the mean value correction factor b 
The probabilistic model of resistance r is represented in the format:  
𝑣𝑣 = 𝑏𝑏 𝑣𝑣𝑡𝑡  𝛿𝛿  Eq. 4.7 
Where b is the “least squares” best-fit to the slope given by: 
𝑏𝑏 =  ∑ 𝑣𝑣𝑣𝑣𝑣𝑣  𝑣𝑣𝑡𝑡𝑣𝑣𝑣𝑣𝑣𝑣=1  
∑𝑣𝑣𝑡𝑡𝑣𝑣
2  Eq. 4.8 
4.4.4 Step 4: Estimate the coefficient of variation of the errors  
The error term δi for each experimental value rei will be determined from the following 
expression:  
𝛿𝛿𝑣𝑣 = 𝑣𝑣𝑣𝑣𝑣𝑣𝑏𝑏 𝑣𝑣𝑡𝑡𝑣𝑣  Eq. 4.9 
From the values of δi an estimated value for the coefficient of variation Vδ should be determined. 
The counting range for δi is defined in [0, ∞) but the normal distribution range is defined in (-∞, 
∞). For that reason a proper transformation is needed, and the error term will be modified by the 
Logarithm Function: 
∆𝑣𝑣= ln(𝛿𝛿𝑣𝑣) Eq. 4.10 
The estimated mean value ∆�𝑣𝑣  for ∆𝑣𝑣  will be obtained from:  
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∆�= 1
𝑣𝑣
 �∆𝑣𝑣𝑣𝑣
𝑣𝑣=1  Eq. 4.11 
The estimated value 𝑠𝑠∆2 for the variance 𝜎𝜎∆2 will be obtained from:  
𝑠𝑠∆
2 = 1
𝑣𝑣 − 1 �(∆𝑣𝑣 − ∆�)2𝑣𝑣
𝑣𝑣=1  Eq. 4.12 
The estimated value for the coefficient of variation Vδ  of the errors terms δi will be determined 
from the following expression.  
𝑉𝑉𝛿𝛿 =  �exp(𝑠𝑠∆2) − 1 Eq. 4.13 
 
4.4.5 Step 5: Analyse compatibility 
The compatibility of the test population with the assumptions made in the resistance function 
should be analysed. For the standard evaluation procedure, according to EN 1990 (2002), the 
assumption that all variables follow a Normal or a log-Normal distribution was made.  
To verify that the data is normally distributed a Kolmogorov-Smirnov test will be carried out by 
means of the software SPSS (1968). The null hypothesis H0 is that the data is normally 
distributed and the alternative hypothesis is that the data is not normally distributed.  
Output variable in SPSS (1968) is the error probability, for a significance level of 5% this value 
must be higher than 0.05. In Table 4.2 the results for the sample of ln(δ) according to each 
loading position and cross-section are presented.  
The histograms of the ln(δ) distribution are plotted in Figure 4.2, where it can be noticed that the 
HAT sections undergoing EOF loading conditions shows a bi-modal distribution. On the other 
hand, the other values of ln(δ) are normally distributed.  
 
P-VALUE 
IOF EOF 
R/SHS HAT R/SHS HAT 
0.756 0.692 0.399 0.011 
Table 4.2. K-S proof on the samples of ln(δ) on the database available.  
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Figure 4.2. Distribution of ln(δ) 
 
If the scatter of the (rei , rti) values is too high for the resistance function, this scatter may be 
reduced in one of the following ways : 
i. by correcting the design model to take into account parameters which had previously 
been ignored 
ii. by modifying b and V by dividing the total test population into appropriate sub-sets for 
which the influence of such additional parameters may be considered to be constant 
Despite the fact that one ln(δ) population is not normally distributed, for the HAT sections 
undergoing EOF loading conditions, the correlation between the resistance function and the 
“experimental” result seems to be sufficiently good not to warrant modification to the resistance 
function and all available tests will be used for the statistical evaluation in order to provide a 
statistically representatives sample with a higher number of tests.  
4.4.6 Step 6: Determine the coefficients of variation of the basic variables  
If it can be shown that the test population is fully representative of the variation in reality, then 
the coefficients of variation VXi of the basic variables in the resistance function may be 
determined from the test data. However, since this is not generally the case, the coefficients of 
variation VXi will normally need to be determined on the basis of some prior knowledge. 
These coefficients of variation values usually came from the steelworks, where frequently some 
tests are carried out on their manufactured steel sheets in order to know these coefficients and 
other material properties. In the current study there are included more experimental tests, in 
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order to obtain the coefficients of variation of the basic variables, which were carried out by 
many authors who have done hundreds of tests for other investigations and studies.  
Herein there is gathered in Table 4.3 a summary of the whole number of tests carried out by all 
the authors, classified by the product form, the grade and the relevant reference.  
 
 Product form Grade No. of tests Relevant Reference 
0.
2%
 P
ro
of
 st
re
ng
tth
 (σ
0.
2 )
 
Cold-rolled sheets  
1.49 mm < t < 6.35 
mm 
EN 1.4301 3061 
Groth and Johansson 
(1990) 
EN 1.4306 1013 
EN 1.4311 6 
EN 1.4401 1589 
EN 1.4404 2135 
EN 1.4406 64 
EN 1.4547 216 
EN 1.4462 385 
Cold-rolled sheet  
0.9mm < t < 2 mm EN 1.4301 67 
van der Berg and van der 
Merwe (1986) 
Cold-rolled sheet 1  
mm < t < 1.6 mm EN 1.4003 88 
Cold-rolled sheet  
t=1.2mm EN 1.4512 10 
U
lti
m
at
e 
te
ns
ile
 st
re
ss
 (σ
u) Cold-rolled sheets  
1.49 mm < t < 6.35 
mm 
EN 1.4301 3061 
Groth and Johansson 
(1990) 
EN 1.4306 1013 
EN 1.4311 6 
EN 1.4401 1589 
EN 1.4404 2135 
EN 1.4406 64 
EN 1.4547 216 
EN 1.4462 385 
Cold-rolled sheet  
0.9mm < t < 2 mm EN 1.4301 67 
van der Berg and van der 
Merwe (1986) 
Cold-rolled sheet  
1 mm < t < 1.6 mm EN 1.4003 88 
Cold-rolled sheet 
t=1.2mm EN 1.4512 10 
Y
ou
ng
 M
od
ul
us
 
(E
) 
Cold-rolled sheets  
1.49 mm < t < 6.35 
mm 
EN 1.4301 67 
van der Berg and van der 
Merwe (1986) Cold-rolled sheet  1 mm < t < 1.6 mm EN 1.4003 88 
Cold-rolled sheet 
t=1.2mm EN 1.4512 10 
Table 4.3. Experimental data to obtain the COV of the basic variables 
 
Following the coefficients of variation VXi for the mean variables concerning web crippling are 
summarized in Table 4.4 for the ferritic material and in Table 4.5 for the austenitic stainless 
steel. A distinction has been made between the coefficients of variation given by the Imperial 
College (IC) and the other ones given by the Universitat Politècnica de Catalunya (UPC).  
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FERRITIC VXi Over-Strength of Xi UPC IC UPC IC 
Young Modulus 0,025 0,025 1,02 Enom 1,02 Enom 
Yield Strength 0,020 0,020 1,13 σ0.2, nom 1,13 σ0.2, nom 
Ultimate Tensile Stress 0,009 0,009 1,07 σu,nom 1,07 σu,nom 
Geometry 0,010 0,050   
Table 4.4. Coefficients of Variation of the basic variables for ferritic stainless steel. 
 
AUSTENITIC VXi Over-Strength of Xi UPC IC UPC IC 
Young Modulus 0,029 0,029 1,00 Enom 1,00 Enom 
Yield Strength 0,030 0,066 1,26 σ0.2, nom 1,33 σ0.2, nom 
Ultimate Tensile Stress 0,021 0,020 1,25 σu,nom 1,14 σu,nom 
Geometry 0,010 0,050   
Table 4.5. Coefficients of Variation of the basic variables for austenitic stainless steel. 
 
4.4.6.1 Coefficient of variation of the Finite Element Model 
As the database available is only based in numerical results, an additional Coefficient of 
Variation (VFEM) will be considered to include the deviation between the numerical tests and the 
experimental results.  
In order to verify the element model, (Bock, et al., 2013) total of 13 cold-formed stainless steel 
sections subjected to web crippling were analysed. A Finite Element Model based on a total of 
13 experimental results from (Gardner, et al., 2006) and (Talja, et al., 2011) was developed. In 
the first study three different austenitic cold-formed hollow sections (SHS 100x100x3, RHS 
120x80x3 and RHS 140x60x3) were subjected to IOF. In the second one, four ferritic cold-
formed hat sections (TH_10, TH_15, TH_20, TH_30) as well as one square hollow section 
(SHS) were subjected to IOF and EOF. 
The experimental and numerical results are summarized in Table 4.6 which also includes the 
coefficient of variation. 
 
 SPECIMEN Rwc,exp (kN) Ru,FEM (kN) Ru,FEM / Rwc,exp 
EO
F 
SHS_ES 25,76 35,36 1,37 
TH_10_ES 7,16 7,03 0,98 
TH_15_ES 15,03 15,07 1,00 
TH_20_ES 25,91 25,82 1,00 
TH_30_ES 42,06 39,93 0,95 
IO
F 
SHS_IS 43,92 37,02 0,84 
SHS_ 100X100X3 107,10 101,18 0,94 
SHS_120X80X3 108,30 96,42 0,89 
RHS_140X60X3 107,50 95,69 0,89 
TH_10_IS 10,00 9,75 0,98 
TH_15_IS 20,73 19,59 0,95 
TH_20_IS 34,84 32,41 0,93 
TH_30_IS 55,01 50,09 0,91 
 MEAN   0,972 
 S.D   0,129 
 COV (V)   0,133 
Table 4.6. Comparison between Numerical and Experimental Results 
 44 
 
The coefficient of variation V is defined as:  
𝑉𝑉 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑆𝑆 𝑆𝑆𝐸𝐸𝑉𝑉𝐷𝐷𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷𝑆𝑆 
𝑀𝑀𝐸𝐸𝑆𝑆𝑆𝑆 𝑉𝑉𝑆𝑆𝑉𝑉𝑉𝑉𝐸𝐸  Eq. 4.14 
4.4.7 Step 7: Determine the characteristic value of the resistance  
The mean value E(r) is obtained from 
𝐸𝐸(𝑣𝑣) = 𝑏𝑏 𝑔𝑔𝑣𝑣𝑡𝑡  �𝑋𝑋𝑚𝑚� Eq. 4.15 
And the coefficient of variation (Vr) may be determined from the product function 
𝑉𝑉𝑣𝑣
2 = �𝑉𝑉𝛿𝛿2 + 1� · � �𝑉𝑉𝑋𝑋 ,𝑣𝑣  2 + 1� 𝑗𝑗
𝑣𝑣=1 � − 1  Eq. 4.16 
As it is said before and in order to make the calculation more conservative the coefficient of 
variation which considers the deviation of the numerical study (VFEM) will be included.  
A previous statistical evaluation (Davaine, 2005) considered that the coefficient of variation for 
the finite element method should be included as follows in Eq. 4.17. Later, (Gabbler, 2009) and 
(Chacón, et al., 2012) used the same expression for a statistical evaluation for patch loading 
resistance models.  
𝑉𝑉𝑣𝑣
2 = �𝑉𝑉𝛿𝛿2 + 1� · � �𝑉𝑉𝑋𝑋 ,𝑣𝑣  2 + 1� 𝑗𝑗
𝑣𝑣=1 � − 1 + 𝑉𝑉𝐹𝐹𝐸𝐸𝑀𝑀2   Eq. 4.17 
And Vrt should be obtained from 
𝑉𝑉𝑣𝑣𝑡𝑡
2 = �𝑉𝑉𝑋𝑋𝑣𝑣2𝑗𝑗
𝑣𝑣=1   Eq. 4.18 
If the number of tests is limited (say n < 100), which is the case for the current study, some 
allowance should be made in the distribution of Δ for statistical uncertainties. The distribution 
should be considered as a central t-distribution with the parameters 𝛥𝛥� , VΔ and n. 
The characteristic resistance rk should be finally obtained from: 
𝑣𝑣𝑘𝑘 = 𝑏𝑏 𝑔𝑔𝑣𝑣𝑡𝑡 (𝑋𝑋𝑚𝑚 ) exp(−𝑘𝑘∞𝛼𝛼𝑣𝑣𝑡𝑡𝑄𝑄𝑣𝑣𝑡𝑡 − 𝑘𝑘𝑣𝑣𝛼𝛼𝛿𝛿𝑄𝑄𝛿𝛿 − 0,5𝑄𝑄2)  Eq. 4.19 
With:  
𝑄𝑄𝑣𝑣𝑡𝑡 = 𝜎𝜎ln (𝑣𝑣𝑡𝑡 ) =  �ln(𝑉𝑉𝑣𝑣𝑡𝑡2 + 1) Eq. 4.20 
𝑄𝑄𝛿𝛿 = 𝜎𝜎ln (𝛿𝛿) =  �ln� 𝑉𝑉𝛿𝛿2 + 1� Eq. 4.21 
 
 45 
 
𝑄𝑄 = 𝜎𝜎ln (𝑣𝑣) =  �ln(𝑉𝑉𝑣𝑣2 + 1) Eq. 4.22 
𝛼𝛼𝑣𝑣𝑡𝑡 = 𝑄𝑄𝑣𝑣𝑡𝑡  𝑄𝑄  Eq. 4.23 
𝛼𝛼𝛿𝛿 = 𝑄𝑄𝛿𝛿  𝑄𝑄  Eq. 4.24 
Where:  
 kn  is the characteristic fractile factor from the table D1, following summarized, for the 
case Vx unknown.  
 
 𝑘𝑘∞  is the value of kn for 𝑣𝑣 →∞   [𝑘𝑘∞ = 1.64 ] 
 𝛼𝛼𝑣𝑣𝑡𝑡  is the weighting factor for Qrt 
 𝛼𝛼𝛿𝛿  is the weighting factor for Qδ 
If rk expression is recalled in the following way:  
𝑣𝑣𝑘𝑘 =  𝐶𝐶𝑘𝑘 · 𝑔𝑔𝑣𝑣𝑡𝑡 (𝑋𝑋𝑚𝑚)  
 
Eq. 4.25 
With: 
𝐶𝐶𝑘𝑘 = 𝑏𝑏 exp(−𝑘𝑘∞𝛼𝛼𝑣𝑣𝑡𝑡𝑄𝑄𝑣𝑣𝑡𝑡 − 𝑘𝑘𝑣𝑣𝛼𝛼𝛿𝛿𝑄𝑄𝛿𝛿 − 0,5𝑄𝑄2)   
It could be noticed that if Ck is almost equal to 1.00 that means that the resistance proposal 
function for the web crippling resistance is, in fact, the characteristic function.  
4.5 Standard evaluation procedure [Method (b)] 
In this case, the procedure is the same followed in the Method (a), excepted that the last step 
(Step 7) is adapted by replacing the characteristic fractile factor kn by the design fractile factor 
kd,n based on the assumption that the design value corresponds to a product 𝛼𝛼𝑣𝑣𝛽𝛽 = 0,8 × 3,8 =3,04  (see Annex C in EN 1990 (2002)) and that X is Normally distributed. This gives a 
probability of observing a lower value of about 0,1%. 
For the case of a limited number of tests, the design value rd should be obtained from:  
𝑣𝑣𝑅𝑅 = 𝑏𝑏 𝑔𝑔𝑣𝑣𝑡𝑡 (𝑋𝑋𝑚𝑚 ) exp(−𝑘𝑘𝑅𝑅 ,∞𝛼𝛼𝑣𝑣𝑡𝑡𝑄𝑄𝑣𝑣𝑡𝑡 − 𝑘𝑘𝑅𝑅 ,𝑣𝑣𝛼𝛼𝛿𝛿𝑄𝑄𝛿𝛿 − 0,5𝑄𝑄2)  Eq. 4.26 
Where:  
 Kd,n  is is the design fractile factor from table D2 for the case Vx unknown.  
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 𝑘𝑘𝑅𝑅 ,∞  is the value of kd,n for 𝑣𝑣 →∞    [𝑘𝑘∞ = 3,04 ] 
The same observation made with the rk expression can be pointed out with the rd expression. 
𝑣𝑣𝑅𝑅 = 𝐶𝐶𝑅𝑅 · 𝑔𝑔𝑣𝑣𝑡𝑡 (𝑋𝑋𝑚𝑚)  Eq. 4.27 
With  
𝐶𝐶𝑅𝑅 = 𝑏𝑏 · exp(−𝑘𝑘𝑅𝑅 ,∞𝛼𝛼𝑣𝑣𝑡𝑡𝑄𝑄𝑣𝑣𝑡𝑡 − 𝑘𝑘𝑅𝑅 ,𝑣𝑣𝛼𝛼𝛿𝛿𝑄𝑄𝛿𝛿 − 0,5𝑄𝑄2)   
If the partial safety factor is set to 1.1 (γM1=1.1), and Ck is equal to 1.00, which means that the 
characteristic function is indeed the proposal function, a value for Cd close to 0.90 is needed. 
4.6 Analysing the influence of the VFEM  
Herein will be analysed the influence of the different parameters involved on the partial safety 
factor, γM, in order to see if big variations in the new proposal formula leads to a higher partial 
factor, which seems reasonably. The principal aim of this analysis is to see what happens with 
the coefficient of variation of the finite element model.  
The parameters that influence the partial safety factor, γM, are 
i. the square coefficient of variation, Vr2, which includes  
ii. the coefficient of variation of the error term, Vδ,  
iii. the coefficients of variation of the basic variables, VXi, and  
iv. the coefficient of variation of the numerical model, VFEM 
Since the EN 1990 Annex D (2002) methods are based on the observation of real experiments 
and the entire available database is based in numerical tests, the principal aim of this analysis is 
to see what happens with the coefficient of variation of the numerical model increases or 
decreases. Having a better finite element models leads to have a lower coefficient of variation, 
VFEM, which indicates the model describes accurately the reality.  
Increasing VFEM leads to increase the square coefficient of variation, Vr2, and then a higher 
partial factor is obtained. This is reasonable since a lower variation indicates a more precise 
formulation that describes accurately the reality and a lower partial factor can be accepted. In 
Figure 4.3 there are shown the influence of VFEM in Vr2 and consequently in γM, in ferritic UPC 
material tests, but the same behaviour is observed with the other materials.  
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Figure 4.3. Square coefficient of variation (on the top) and the  
partial safety factor (on the bottom) depending on VFEM 
 
4.7 Results for the initial proposal 
4.7.1 Introduction 
The results of the statistical analysis for the initial proposal with the non-lineal coefficients 
adjusted by (Bock, et al., 2013) are presented in this section. Using the number of tests (n) for 
every single section, test loading condition and material the complete analysis is carried out.  
Once carried the whole analysis, some parameters are obtained, which will be introduced in Eq. 
4.19 and Eq. 4.26 in order to obtain the characteristic or the design function. In the following 
chapter there are gathered the parameters to use in the characteristic or design function. Then, at 
the end of the section, there is a summary table which gives the results for the characteristic and 
design function coefficients, Cd and Ck, and some conclusions are pointed out.  
For the ferritic material, the sample was divided in order to consider only tests made with this 
material. But the austenitic number of tests is very reduced (only 9 experiments) and is not 
representative for a statistical analysis. On account of this, the analysis is carried out including 
also the tests made with the ferritic material and changing the coefficients of variation for the 
austenitic coefficients of variation.  
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4.7.2 Parameters in the characteristic and the design function 
A single analysis is performed for every single section, hat or square/rectangular hollow section; 
for every single loading condition, IOF or EOF test configuration; and for both available 
materials, ferritic or austenitic. To sum up, a total of 16 partial factors will be obtained because 
a distinction is made between the coefficients of variation given by the IC or the UPC.  
Having realized all the steps for the two methods aforementioned the parameters to be 
introduced in Eq. 4.19 and Eq. 4.26 are obtained. All the parameters, obtained in order to 
derivate the design and the characteristic resistance function, are gathered in Table 4.7 with the 
UPC coefficients of variation, VXi and in Table 4.8 with the IC coefficients of variation. 
 
Param. 
VXi UPC 
FERRITIC AUSTENITIC 
IOF EOF IOF EOF 
R/SHS HAT R/SHS HAT R/SHS HAT R/SHS HAT 
b 1,111 1,108 1,2082 1,108 1.126 1.092 1.147 1.101 
Qrt 0,035 0,035 0,035 0,035 0,048 0,048 0,048 0,141 
Qδ 0,070 0,068 0,213 0,188 0,103 0,066 0,223 0,185 
Q 0,153 0,153 0,252 0,231 0,174 0,155 0,262 0,231 
αrt 0,226 0,227 0,138 0,150 0,274 0,308 0,182 0,609 
αδ 0,456 0,447 0,847 0,813 0,594 0,427 0,851 0,800 
kd,n 3,212 3,227 3,233 3,405 3,199 3,223 3,217 3,386 
kn 1,674 1,677 1,679 1,717 1,671 1,676 1,675 1,713 
k∞ 1,640 1,640 1,640 1,640 1,640 1,640 1,640 1,640 
kd,∞ 3,040 3,040 3,040 3,040 3,040 3,040 3,040 3,040 
n 83 74 71 34 92 76 80 36 
Table 4.7. Parameters for the design and the characteristic function 
with the VXi UPC 
 
Param. 
IC GEOMETRY 
FERRITIC AUSTENITIC 
IOF EOF IOF EOF 
R/SHS HAT R/SHS HAT R/SHS HAT R/SHS HAT 
b 1,111 1,108 1,2082 1,108 1.126 1.092 1.147 1.101 
Qrt 0,060 0,060 0,060 0,060 0,090 0,090 0,090 0,160 
Qδ 0,070 0,068 0,213 0,188 0,103 0,066 0,223 0,185 
Q 0,161 0,160 0,256 0,236 0,190 0,173 0,272 0,243 
αrt 0,373 0,375 0,234 0,254 0,473 0,520 0,330 0,656 
αδ 0,435 0,426 0,831 0,796 0,545 0,384 0,817 0,761 
kd,n 3,212 3,227 3,233 3,405 3,199 3,223 3,217 3,386 
kn 1,674 1,677 1,679 1,717 1,671 1,676 1,675 1,713 
k∞ 1,640 1,640 1,640 1,640 1,640 1,640 1,640 1,640 
kd,∞ 3,040 3,040 3,040 3,040 3,040 3,040 3,040 3,040 
n 83 74 71 34 92 76 80 36 
Table 4.8. Parameters for the design and the characteristic function  
with the VXi IC 
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4.7.3 Partial Safety Factor γM 
In the following tables, in Table 4.9 with the VXi UPC and in Table 4.10 with the VXi IC, are 
gathered the values of the coefficients, Cd and Ck, from the expression of the Eq. 4.25 and Eq. 
4.27 and the partial factor, γM.  
It can be noticed that the non-lineal parameters are better calibrated for the IOF test, regardless 
of cross-section wise. The resistance function resultant with these parameters is really close to 
the characteristic expression and partial safety factor is also really close to 1.1, which is the 
value recommended in EN 1993-1-4 (2006). 
For the EOF test, although the partial safety factor is close to 1.3 it does not mean that, the 
resistance function is conservative because the characteristic function differs in a about a 20 to 
30% of the initial proposal resistance function.  
 
 VXi UPC 
 FERRITIC AUSTENITIC 
 IOF EOF IOF EOF 
 R/SHS HAT R/SHS HAT R/SHS HAT R/SHS HAT 
Ck 1,03 1,03 0,86 0,82 0,980 1,004 0,796 0,723 
Cd 0,97 0,97 0,64 0,63 0,876 0,942 0,587 0,501 
γM = Ck/Cd 1,062 1,060 1,333 1,304 1,119 1,066 1,356 1,444 
Table 4.9. Ck & Cd parameters with VXi UPC from equations Eq. 4.25 and Eq. 4.27. 
 
 VXi IC 
 FERRITIC AUSTENITIC 
 IOF EOF IOF EOF 
 R/SHS HAT R/SHS HAT R/SHS HAT R/SHS HAT 
Ck 1,00 1,00 0,85 0,81 0,939 0,955 0,776 0,707 
Cd 0,93 0,93 0,63 0,62 0,812 0,860 0,563 0,483 
γM = Ck/Cd 1,081 1,080 1,344 1,315 1,157 1,110 1,380 1,465 
Table 4.10. Ck & Cd parameters with VXi IC from equations Eq. 4.25 and Eq. 4.27. 
 
Having analysed the results it can be pointed out that the non dimensional coefficients do not 
need any calibration for the IOF tests because the partial factor is really close to 1.1. On the 
other hand, for the EOF tests an adjustment is needed to get a more accurate characteristic 
resistance function and the four non dimensional coefficients (α, β, δ and ξ) should be adjusted. 
In the next chapter the calibration of the four non-dimensional parameters is performed.  
4.8 Results for the new calibration 
4.8.1 Introduction 
A new adjustment will be performed for the IOF test configuration trying to achieve the next 
objectives:  
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i. Get a coefficient, Ck, really close to 1.0 in order to satisfy that the resistance function is 
the characteristic function, and  
ii. get a coefficient, Cd, close to 0,9 in order to satisfy that the partial safety factor, γM, is 
close to 1.1, which is, as mentioned before, the partial factor, γM1, set by the Design 
manual for Structural Stainless Steel (2006). 
4.8.2 Calibrated coefficients 
The new adjustment will be carried out considering the whole numerical results given in (3.5 
Available test data.). The calibration should be performed taking into account that the resistance 
function should be placed always of the conservative side. So it means that the predicted web 
crippling resistance by the new formula must not be higher than the numerical web crippling 
resistance obtained in the numerical analysis carried out by Abaqus.  
Having analysed and calibrated the new expression, the new four non-dimensional coefficients 
for the EOF test configuration are gathered in Table 4.11  
 
 Category 1 (EOF) 
 (Bock, et al., 2013) New calibration 
 SHS/RHS HAT SHS/RHS HAT 
α 0.07 0.085 0.065 0.065 
β 2.14 1.65 1.70 1.65 
δ 0.22 0.13 0.185 0.135 
ξ 2200 2275 3500 3000 
Table 4.11. New calibrated coefficients 
 
4.8.2.1 Comparison between numerical and analytical predictions  
Some comparisons will be made with the web crippling resistance derived with the new 
parameters and with the EN 1993-1-3 6.1.7.3 formula.  
In Figure 4.4 there is plotted the comparison of the ultimate web crippling resistance obtained 
by means of finite elements methods, Ru,FEM, to the ultimate resistance predicted by the proposal 
and EN 1993-1-3 6.1.7.3 expressions, Ru,Rk, in hat sections undergoing EOF test configuration. 
Moreover, in Figure 4.5 there is the same comparison but in square and rectangular hollow 
sections.   
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Figure 4.4. Comparison of the finite element methods with analytical expressions in HAT sections 
undergoing EOF test configurations 
 
 
Figure 4.5. Comparison of the finite element methods with analytical expressions in S/RHS sections 
undergoing EOF test configurations. 
 
It can be noticed that the new proposal with the new coefficients gives a more accurate results 
for both cross sections, always placed for the conservative side and providing less scattered 
results than EN 1993-1-3 (2006) 6.1.7.3 expression.  
4.8.3 Partial Safety Factor, γM, obtained with the new coefficients 
Since the new coefficients have been calibrated in order to obtain a characteristic coefficient, Ck, 
close to 1.00, the design coefficient, Cd, have to be analysed. The same methods aforementioned 
are used to obtain the Ck and Cd coefficients and evaluate the partial factor obtained.  
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In Table 4.12 are gathered the results obtained with the VXi UPC and in Table 4.13 the ones with 
the VXi IC.  
 
 VXi UPC 
 EOF (Category 1) 
 FERRITIC AUSTENITIC 
 R/SHS HAT R/SHS HAT 
Ck 1.00 1.01 0.98 1.00 
Cd 0.75 0.76 0.73 0.74 
γM = Ck/Cd 1.333 1.319 1.342 1.351 
Table 4.12. Ck & Cd parameters with VXi UPC with the new calibrated coefficients 
 
 VXi IC 
 EOF (Category 1) 
 FERRITIC AUSTENITIC 
 R/SHS HAT R/SHS HAT 
Ck 0.99 1.00 0.99 0.97 
Cd 0.74 0.74 0.72 0.73 
γM = Ck/Cd 1.337 1.330 1.376 1.329 
Table 4.13. Ck & Cd parameters with VXi IC with the new calibrated coefficients 
 
It can be seen that the Cd coefficient is not even close to 0.90 as it was mentioned in the 
objectives of the section. That happened because while performing the calibration never 
converged to a result. So it seems to be acceptable obtaining a Ck coefficient almost equal 1.00 
and having a higher partial safety factor.  
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5 Conclusions and Outlook  
5.1 Conclusions 
A new function (Eq. 5.1) to obtain the ultimate web crippling resistance of stainless steel cross 
sections based on the actual EN 1993-1-3 (2006) 6.1.7.3 formula was proposed in (Bock, et al., 
2013) in order to consider the stainless steel strain-hardening.  
𝑓𝑓�𝑋𝑋� = 𝑅𝑅𝑤𝑤 = 𝑣𝑣𝑤𝑤  𝛼𝛼 𝑡𝑡2�𝜎𝜎0.2 𝐸𝐸 �𝜉𝜉 𝜎𝜎0.1𝐸𝐸 �𝑘𝑘 �𝛽𝛽𝑡𝑡𝑣𝑣 �0.5 + �0.01𝑙𝑙𝑣𝑣𝑡𝑡 ��2.4 + � 𝜙𝜙90�2�  Eq. 5.1 
The new proposal was validated following the methods given on Annex D of EN 1990 (2002) to 
obtain the partial safety factor, γM, with the numerical experiments performed in (Bock, et al., 
2013).  
Annex D methods describes the procedure to obtain the characteristic and the design function. 
Two new coefficients, Ck and Cd, were obtained and then included to the new function in order 
to obtain the characteristic (Eq. 5.2) and the design (Eq. 5.3) function. The partial safety factor 
will be determined dividing Ck by Cd which is in fact divide Rw,Rk by Rw,Rd. 
𝑓𝑓𝑘𝑘 =  𝐶𝐶𝑘𝑘   𝑓𝑓�𝑋𝑋� Eq. 5.2 
𝑓𝑓𝑅𝑅 =  𝐶𝐶𝑅𝑅   𝑓𝑓�𝑋𝑋� Eq. 5.3 
The analysis was carried out for two different materials (austenitic and ferritic), two different 
cross sections (hat and rectangular hollow sections), two different coefficients of variation of the 
expression basic variables (UPC and IC), and for two tests loading conditions (EOF and IOF). 
Having performed the analysis, the following results in Table 5.1 and Table 5.2 were obtained: 
 
 VXi UPC 
 FERRITIC AUSTENITIC 
 IOF EOF IOF EOF 
 R/SHS HAT R/SHS HAT R/SHS HAT R/SHS HAT 
Ck 1,03 1,03 0,86 0,82 0,980 1,004 0,796 0,723 
Cd 0,97 0,97 0,64 0,63 0,876 0,942 0,587 0,501 
γM = Ck/Cd 1,062 1,060 1,333 1,304 1,119 1,066 1,356 1,444 
Table 5.1. Ck & Cd parameters with VXi UPC 
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 VXi IC  
 FERRITIC AUSTENITIC 
 IOF EOF IOF EOF 
 R/SHS HAT R/SHS HAT R/SHS HAT R/SHS HAT 
Ck 1,00 1,00 0,85 0,81 0,939 0,955 0,776 0,707 
Cd 0,93 0,93 0,63 0,62 0,812 0,860 0,563 0,483 
γM = Ck/Cd 1,081 1,080 1,344 1,315 1,157 1,110 1,380 1,465 
Table 5.2. Ck & Cd parameters with VXi IC  
 
The results show that the expression for the IOF test configuration provides accurate results to 
the characteristic resistance function obtaining a partial safety factor really close to 1.1 which is 
the value recommended by EN 1993-1-4 (2006) for the web crippling phenomena.  
On the other hand, for the EOF test configuration a Ck coefficient to obtain the characteristic 
function of 0.7 to 0.8 is needed. Due to the high partial safety factor obtained, either a 
recalibration of the non-dimensional coefficients or the addition of a new Ck coefficient was 
necessary to obtain a more accurate expression. 
Within this work, it was considered that a recalibration of the non-dimensional parameters was 
more convenient rather than take into account a new coefficient Ck. As a result, new calibrated 
parameters were proposed (see Table 5.3). 
 
 Category 1 (EOF) 
 (Bock, et al., 2013) New calibration 
 SHS/RHS HAT SHS/RHS HAT 
α 0.07 0.085 0.065 0.065 
β 2.14 1.65 1.70 1.65 
δ 0.22 0.13 0.185 0.135 
ξ 2200 2275 3500 3000 
Table 5.3. New calibrated coefficients 
 
Once the new parameters were calibrated, a new statistical evaluation was carried out. In Table 
5.4 and Table 5.5 there are presented the Ck and Cd coefficients and the partial safety factor 
obtained with them.  
 
 VXi UPC 
 EOF (Category 1) 
 FERRITIC AUSTENITIC 
 R/SHS HAT R/SHS HAT 
Ck 1.00 1.01 0.98 1.00 
Cd 0.75 0.76 0.73 0.74 
γM = Ck/Cd 1.333 1.319 1.342 1.351 
Table 5.4. Ck & Cd parameters with VXi UPC with the new calibrated coefficients 
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 VXi IC 
 EOF (Category 1) 
 FERRITIC AUSTENITIC 
 R/SHS HAT R/SHS HAT 
Ck 0.99 1.00 0.99 0.97 
Cd 0.74 0.74 0.72 0.73 
γM = Ck/Cd 1.337 1.330 1.376 1.329 
Table 5.5. Ck & Cd parameters with VXi IC with the new calibrated coefficients 
 
Analysing the results, it is worth to mention that the new characteristic resistance function is 
more accurate. According to the new partial safety factor obtained, the new coefficients 
proposed are suitable to be implemented in the new proposal formula to predict the web 
crippling resistance. 
5.2 Outlook 
The study in this work was only based on numerical tests. The Annex D method in EN 1990 
(2002) is based in the observation of experimental tests. So a statistical evaluation and a 
calibration with experimental tests might be of interest in order to know if the VFEM parameter 
included in the coefficient of variation works properly.  
Further research is needed to improve the prediction of the web crippling resistance in 
specimens subjected to the EOF configuration.  
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 V 
 
A1 Available Database  
Herein there are presented the whole sample of tests carried out by (Bock, et al., 2013) available 
for the statistical evaluation carried out in the current study.  
 
 VI 
 
Sensitivity study S/RHS IOF tests 
 
 
Measured dimension (mm) 
 
Material properties (MPa) 
 
WC Resistance BM Resistance 
Specimen SS L total Span la Height breadth t rinternal  
E (Gpa) σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
Mexp 4-point 
 (kNm) 
N1S115 50 400 350 25 101,5 81,5 1,5 5,25  200 300 354,35 600  16,07 4,73 
N1S215 50 400 350 25 81,5 81,5 1,5 4,25  200 300 354,35 600  14,39 3,68 
N1S415 50 400 350 25 101,5 101,5 1,5 1,75  200 300 354,35 600  17,49 5,13 
N2S115 50 400 350 25 101,5 81,5 1,5 5,25  200 300 347,57 600  15,94 4,79 
N2S215 50 400 350 25 81,5 81,5 1,5 4,25  200 300 347,57 600  14,34 3,66 
N2S415 50 400 350 25 101,5 101,5 1,5 1,75  200 300 347,57 600  17,68 5,29 
N3S115 50 400 350 25 101,5 81,5 1,5 5,25  200 300 332,25 600  15,57 4,89 
N3S215 50 400 350 25 81,5 81,5 1,5 4,25  200 300 332,25 600  14,10 3,72 
N3S415 50 400 350 25 101,5 101,5 1,5 1,75  200 300 332,25 600  17,76 5,47 
F1S115 50 400 350 25 101,5 81,5 1,5 5,25  200 300 335,74 420  14,54 4,77 
F1S215 50 400 350 25 81,5 81,5 1,5 4,25  200 300 335,74 420  13,32 3,68 
F1S415 50 400 350 25 101,5 101,5 1,5 1,75  200 300 335,74 420  17,42 5,26 
F1S41550 50 400 350 50 101,5 101,5 1,5 1,75  200 300 335,74 420  20,80 5,26 
F1S41575 50 400 350 75 101,5 101,5 1,5 1,75  200 300 335,74 420  23,31 5,29 
F1S415100 50 400 350 100 101,5 101,5 1,5 1,75  200 300 335,74 420  25,36 5,08 
F2S115 50 400 350 25 101,5 81,5 1,5 5,25  200 400 446 560  18,91 5,98 
F2S215 50 400 350 25 81,5 81,5 1,5 4,25  200 400 446 560  17,17 4,67 
F2S415 50 400 350 25 101,5 101,5 1,5 1,75  200 400 446 560  21,80 6,51 
F3S115 50 400 350 25 101,5 81,5 1,5 5,25  200 500 555,25 700  23,13 6,96 
F3S215 50 400 350 25 81,5 81,5 1,5 4,25  200 500 555,25 700  20,86 5,42 
F3S415 50 400 350 25 101,5 101,5 1,5 1,75  200 500 555,25 700  25,19 7,72 
 VII 
 
 
Measured dimension (mm) 
 
Material properties (MPa) 
 
WC Resistance BM Resistance 
Specimen SS L total Span la Height breadth t rinternal  
E (Gpa) σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
Mexp 4-point 
 (kNm) 
N1S130 50 400 350 25 103 83 3 4,5  200 300 354,35 600  55,47 13,54 
N1S23025 50 400 350 25 83 83 3 1  200 300 354,35 600  66,89 10,38 
N1S23035 50 400 350 25 83 83 3 2  200 300 354,35 600  57,70 10,30 
N1S230 50 400 350 25 83 83 3 3,5  200 300 354,35 600  50,45 10,11 
N1S23060 50 400 350 25 83 83 3 4,5  200 300 354,35 600  49,04 10,01 
N1S430 50 400 350 25 103 103 3 1  200 300 354,35 600  71,63 15,064 
N2S130 50 400 350 25 103 83 3 4,5  200 300 347,57 600  55,00 13,31 
N2S230 50 400 350 25 83 83 3 3,5  200 300 347,57 600  50,62 9,95 
N2S430 50 400 350 25 103 103 3 1  200 300 347,57 600  69,89 14,77 
N3S130 50 400 350 25 103 83 3 4,5  200 300 347,57 600  53,70 12,89 
N3S230 50 400 350 25 83 83 3 3,5  200 300 347,57 600  49,88 9,59 
N3S430 50 400 350 25 103 103 3 1  200 300 347,57 600  69,97 14,29 
F1S130 50 400 350 25 103 83 3 4,5  200 300 335,74 420  49,13 13,11 
F1S23025 50 400 350 25 83 83 3 1  200 300 335,74 420  64,52 9,87 
F1S23035 50 400 350 25 83 83 3 2  200 300 335,74 420  55,03 9,80 
F1S230 50 400 350 25 83 83 3 3,5  200 300 335,74 420  47,30 9,69 
F1S23060 50 400 350 25 83 83 3 4,5  200 300 335,74 420  44,04 9,56 
F1S430 50 400 350 25 103 103 3 1  200 300 335,74 420  68,90 14,57 
F1S43050 50 400 350 50 103 103 3 1  200 300 335,74 420  85,11 14,57 
F1S43075 50 400 350 75 103 103 3 1  200 300 335,74 420  96,82 14,48 
F1S430100 50 400 350 100 103 103 3 1  200 300 335,74 420  105,57 14,54 
F2S130 50 400 350 25 103 83 3 4,5  200 400 446 560  64,40 17,06 
F2S230 50 400 350 25 83 83 3 3,5  200 400 446 560  61,20 12,54 
F2S430 50 400 350 25 103 103 3 1  200 400 446 560  86,40 18,81 
 VIII 
 
 
Measured dimension (mm) 
 
Material properties (MPa) 
 
WC Resistance BM Resistance 
Specimen SS L total Span la Height breadth t rinternal  
E (Gpa) σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
Mexp 4-point 
 (kNm) 
F3S130 50 400 350 25 103 83 3 4,5  200 500 555,25 700  79,24 20,87 
F3S230 50 400 350 25 83 83 3 3,5  200 500 555,25 700  74,32 15,44 
F3S430 50 400 350 25 103 103 3 1   200 500 555,25 700  104,64 22,83 
 
Parametric study S/RHS IOF tests 
 
 
Measured dimension (mm) 
 
Material properties (MPa) 
 
WC Resistance BM Resistance 
Specimen SS L total Span la Height breadth t rinternal  
E (Gpa) σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
Mexp 4-point 
 (kNm) 
B1S12 50 550 500 25 70 70 2 3  200 250 256 275  16,94 3,72 
B1S22 50 550 500 25 120 60 2 3  200 250 256 275  18,91 7,40 
B1*S12 50 550 500 25 70 70 2 3  200 250 262,2 300  17,22 3,76 
B1*S124 50 550 500 25 70 70 2 4  200 250 262,2 300  15,50 3,72 
B1*S125 50 550 500 25 70 70 2 5  200 250 262,2 300  14,65 3,695 
B1*S1250 50 550 500 50 70 70 2 3  200 250 262,2 300  20,24 3,76 
B1*S1275 50 550 500 75 70 70 2 3  200 250 262,2 300  21,74 3,76 
B1*S12100 50 550 500 100 70 70 2 3  200 250 262,2 300  25,29 3,76 
B1*S22 50 550 500 25 120 60 2 3  200 250 262,2 300  19,34 7,46 
B1*S224 50 550 500 25 120 60 2 4  200 250 262,2 300  18,57 7,38 
B1*S225 50 550 500 25 120 60 2 5  200 250 262,2 300  17,33 7,33 
B2S12 50 550 500 25 70 70 2 3  200 250 275 350  17,73 3,80 
B2S22 50 550 500 25 120 60 2 3  200 250 275 350  20,16 7,56 
 IX 
 
 
Measured dimension (mm) 
 
Material properties (MPa) 
 
WC Resistance BM Resistance 
Specimen SS L total Span la Height breadth t rinternal  
E (Gpa) σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
Mexp 4-point 
 (kNm) 
B2*S12 50 550 500 25 70 70 2 3  200 250 300 450  18,53 3,89 
B2*S124 50 550 500 25 70 70 2 4  200 250 300 450  16,96 3,86 
B2*S125 50 550 500 25 70 70 2 5  200 250 300 450  16,64 3,81 
B2*S1250 50 550 500 50 70 70 2 3  200 250 300 450  21,31 3,89 
B2*S1275 50 550 500 75 70 70 2 3  200 250 300 450  22,61 3,89 
B2*S12100 50 550 500 100 70 70 2 3  200 250 300 450  25,78 3,89 
B2*S22 50 550 500 25 120 60 2 3  200 250 300 450  21,82 7,72 
B2*S24 50 550 500 25 120 60 2 4  200 250 300 450  20,24 7,65 
B2*S25 50 550 500 25 120 60 2 5  200 250 300 450  20,30 7,63 
B1S14 50 550 500 25 70 70 4 3  200 250 256 275  53,81 7,92 
B1S24 50 550 500 25 120 60 4 3  200 250 256 275  65,58 15,75 
B1*S14 50 550 500 25 70 70 4 3  200 250 262,2 300  54,85 8,14 
B1*S144 50 550 500 25 70 70 4 4  200 250 262,2 300  51,79 8,06 
B1*S145 50 550 500 25 70 70 4 5  200 250 262,2 300  48,94 7,99 
B1*S1450 50 550 500 50 70 70 4 3  200 250 262,2 300  60,83 8,14 
B1*S1475 50 550 500 75 70 70 4 3  200 250 262,2 300  62,71 8,14 
B1*S14100 50 550 500 100 70 70 4 3  200 250 262,2 300  67,07 8,14 
B1*S24 50 550 500 25 120 60 4 3  200 250 262,2 300  67,40 16,23 
B1*S244 50 550 500 25 120 60 4 4  200 250 262,2 300  63,13 16,085 
B1*S245 50 550 500 25 120 60 4 5  200 250 262,2 300  60,25 15,93 
B2S14 50 550 500 25 70 70 4 3  200 250 275 350  56,81 8,56 
B2S24 50 550 500 25 120 60 4 3  200 250 275 350  70,84 17,09 
B2*S14 50 550 500 25 70 70 4 3  200 250 300 450  60,44 9,37 
B2*S144 50 550 500 25 70 70 4 4  200 250 300 450  57,13 9,32 
 X 
 
 
Measured dimension (mm) 
 
Material properties (MPa) 
 
WC Resistance BM Resistance 
Specimen SS L total Span la Height breadth t rinternal  
E (Gpa) σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
Mexp 4-point 
 (kNm) 
B2*S145 50 550 500 25 70 70 4 5  200 250 300 450  54,12 9,23 
B2*S1450 50 550 500 50 70 70 4 3  200 250 300 450  65,43 9,37 
B2*S1475 50 550 500 75 70 70 4 3  200 250 300 450  67,35 9,37 
B2*S14100 50 550 500 100 70 70 4 3  200 250 300 450  72,89 9,37 
B2*S24 50 550 500 25 120 60 4 3  200 250 300 450  76,84 18,90 
B2*S244 50 550 500 25 120 60 4 4  200 250 300 450  68,43 18,72 
B2*S245 50 550 500 25 120 60 4 5   200 250 300 450  66,55 18,55 
 
Sensitivity study HAT IOF tests 
 
 
Measured dimension (mm) 
 
Material properties 
(MPa)  
WC 
Resistance 
BM 
Resistance 
Specimen SS L Span la H Web b t lip ɸ (º) rinternal  
E 
(Gpa) 
σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
Mexp 4-point 
 (kNm) 
N1S315 50 400 350 25    1,5  90 4,25  200 300 354,35 600  15,19 3,41 
N2S315 50 400 350 25    1,5  90 4,25  200 300 347,57 600  15,05 3,34 
N3S315 50 400 350 25    1,5  90 4,25  200 300 332,25 600  14,69 3,31 
F1S315 50 400 350 25    1,5  90 4,25  200 300 335,74 420  13,81 3,30 
F2S315 50 400 350 25    1,5  90 4,25  200 400 446,00 560  17,95 4,16 
F3S315 50 400 350 25    1,5  90 4,25  200 500 555,25 700  21,94 5,12 
N1S330 50 400 350 25    3  90 3,5  200 300 354,35 600  53,01 9,40 
N2S330 50 400 350 25    3  90 3,5  200 300 347,57 600  52,57 9,30 
 XI 
 
 
Measured dimension (mm) 
 
Material properties 
(MPa)  
WC 
Resistance 
BM 
Resistance 
Specimen SS L Span la H Web b t lip ɸ (º) rinternal  
E 
(Gpa) 
σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
Mexp 4-point 
 (kNm) 
N3S330 50 400 350 25    3  90 3,5  200 300 332,25 600  49,88 8,79 
F1S330 50 400 350 25    3  90 3,5  200 300 335,74 420  47,06 8,97 
F2S330 50 400 350 25    3  90 3,5  200 400 446,00 560  60,92 11,69 
F3S330 50 400 350 25       3   90 3,5   200 500 555,25 700   73,66 14,38 
 
Parametric study HAT IOF tests 
 
 
Measured dimension (mm) 
 
Material properties 
(MPa)  
WC 
Resistance 
BM 
Resistance 
Specimen SS L Span la H Web b t lip ɸ (º) rinternal  
E 
(Gpa) 
σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
Mexp 4-
point 
 (kNm) 
B1S31 50 550 500 25 60 60 60 1 20 90 3  200 250 256 275  4,20 1,00 
B1S41 50 550 500 25 120 120 120 1 50 90 3  200 250 256 275  5,47 2,59 
B1S51 50 550 500 25 80 80 60 1 25 90 3  200 250 256 275  4,58 1,45 
B1*S31 50 550 500 25 60 60 60 1 20 90 3  200 250 262,2 300  4,25 1,01 
B1*S314 50 550 500 25 60 60 60 1 20 90 4  200 250 262,2 300  3,93 0,99 
B1*S315 50 550 500 25 60 60 60 1 20 90 5  200 250 262,2 300  3,69 0,98 
B1*S3150 50 550 500 50 60 60 60 1 20 90 3  200 250 262,2 300  4,87 1,01 
B1*S3175 50 550 500 75 60 60 60 1 20 90 3  200 250 262,2 300  5,34 1,01 
B1*S31100 50 550 500 100 60 60 60 1 20 90 3  200 250 262,2 300  6,34 1,01 
B1*S41 50 550 500 25 120 120 120 1 50 90 3  200 250 262,2 300  5,59 2,56 
B1*S51 50 550 500 25 80 80 60 1 25 90 3  200 250 262,2 300  4,69 1,47 
 XII 
 
 
Measured dimension (mm) 
 
Material properties 
(MPa)  
WC 
Resistance 
BM 
Resistance 
Specimen SS L Span la H Web b t lip ɸ (º) rinternal  
E 
(Gpa) 
σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
Mexp 4-
point 
 (kNm) 
B1*S514 50 550 500 25 80 80 60 1 25 90 4  200 250 262,2 300  4,31 1,44 
B1*S515 50 550 500 25 80 80 60 1 25 90 5  200 250 262,2 300  4,28 1,48 
B1*S5150 50 550 500 50 80 80 60 1 25 90 3  200 250 262,2 300  5,33 1,47 
B1*S5175 50 550 500 75 80 80 60 1 25 90 3  200 250 262,2 300  5,86 1,47 
B1*S51100 50 550 500 100 80 80 60 1 25 90 3  200 250 262,2 300  7,01 1,47 
B2S31 50 550 500 25 60 60 60 1 20 90 3  200 250 275 350  4,38 1,02 
B2S41 50 550 500 25 120 120 120 1 50 90 3  200 250 275 350  5,87 2,58 
B2S51 50 550 500 25 80 80 60 1 25 90 3  200 250 275 350  4,88 1,48 
B2*S31 50 550 500 25 60 60 60 1 20 90 3  200 250 300 450  4,65 1,03 
B2*S314 50 550 500 25 60 60 60 1 20 90 4  200 250 300 450  4,25 1,03 
B2*S315 50 550 500 25 60 60 60 1 20 90 5  200 250 300 450  4,11 1,02 
B2*S3150 50 550 500 50 60 60 60 1 20 90 3  200 250 300 450  5,09 1,03 
B2*S3175 50 550 500 75 60 60 60 1 20 90 3  200 250 300 450  5,52 1,03 
B2*S31100 50 550 500 100 60 60 60 1 20 90 3  200 250 300 450  6,39 1,03 
B2*S41 50 550 500 25 120 120 120 1 50 90 3  200 250 300 450  6,28 2,59 
B2*S51 50 550 500 25 80 80 60 1 25 90 3  200 250 300 450  5,23 1,50 
B2*S514 50 550 500 25 80 80 60 1 25 90 4  200 250 300 450  4,84 1,49 
B2*S515 50 550 500 25 80 80 60 1 25 90 5  200 250 300 450  4,83 1,49 
B2*S5150 50 550 500 50 80 80 60 1 25 90 3  200 250 300 450  5,62 1,50 
B2*S5175 50 550 500 75 80 80 60 1 25 90 3  200 250 300 450  6,06 1,50 
B2*S51100 50 550 500 100 80 80 60 1 25 90 3  200 250 300 450  7,12 1,50 
B1S32 50 550 500 25 60 60 60 2 20 90 3  200 250 256 275  14,66 2,49 
B1S42 50 550 500 25 120 120 120 2 50 90 3  200 250 256 275  19,89 7,38 
B1S52 50 550 500 25 80 80 60 2 25 90 3  200 250 256 275  16,58 4,01 
B1*S32 50 550 500 25 60 60 60 2 20 90 3  200 250 262,2 300  14,91 2,54 
B1*S324 50 550 500 25 60 60 60 2 20 90 4  200 250 262,2 300  13,41 2,49 
 XIII 
 
 
Measured dimension (mm) 
 
Material properties 
(MPa)  
WC 
Resistance 
BM 
Resistance 
Specimen SS L Span la H Web b t lip ɸ (º) rinternal  
E 
(Gpa) 
σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
Mexp 4-
point 
 (kNm) 
B1*S325 50 550 500 25 60 60 60 2 20 90 5  200 250 262,2 300  12,47 2,49 
B1*S3250 50 550 500 50 60 60 60 2 20 90 3  200 250 262,2 300  16,52 2,54 
B1*S3275 50 550 500 75 60 60 60 2 20 90 3  200 250 262,2 300  17,54 2,54 
B1*S32100 50 550 500 100 60 60 60 2 20 90 3  200 250 262,2 300  19,36 2,54 
B1*S42 50 550 500 25 120 120 120 2 50 90 3  200 250 262,2 300  20,32 7,42 
B1*S52 50 550 500 25 80 80 60 2 25 90 3  200 250 262,2 300  16,90 4,05 
B1*S524 50 550 500 25 80 80 60 2 25 90 4  200 250 262,2 300  14,93 4,02 
B1*S525 50 550 500 25 80 80 60 2 25 90 5  200 250 262,2 300  13,77 3,99 
B1*S5250 50 550 500 50 80 80 60 2 25 90 3  200 250 262,2 300  19,42 4,05 
B1*S5275 50 550 500 75 80 80 60 2 25 90 3  200 250 262,2 300  21,22 4,05 
B1*S52100 50 550 500 100 80 80 60 2 25 90 3  200 250 262,2 300  25,24 4,05 
B2S32 50 550 500 25 60 60 60 2 20 90 3  200 250 275 350  15,35 2,61 
B2S42 50 550 500 25 120 120 120 2 50 90 3  200 250 275 350  21,13 7,59 
B2S52 50 550 500 25 80 80 60 2 25 90 3  200 250 275 350  17,44 4,14 
B2*S32 50 550 500 25 60 60 60 2 20 90 3  200 250 300 450  15,96 2,70 
B2*S324 50 550 500 25 60 60 60 2 20 90 4  200 250 300 450  14,45 2,67 
B2*S325 50 550 500 25 60 60 60 2 20 90 5  200 250 300 450  13,41 2,68 
B2*S3250 50 550 500 50 60 60 60 2 20 90 3  200 250 300 450  17,25 2,70 
B2*S3275 50 550 500 75 60 60 60 2 20 90 3  200 250 300 450  18,28 2,70 
B2*S32100 50 550 500 100 60 60 60 2 20 90 3  200 250 300 450  20,32 2,70 
B2*S42 50 550 500 25 120 120 120 2 50 90 3  200 250 300 450  22,90 7,77 
B2*S52 50 550 500 25 80 80 60 2 25 90 3  200 250 300 450  18,36 4,30 
B2*S524 50 550 500 25 80 80 60 2 25 90 4  200 250 300 450  16,43 4,27 
B2*S525 50 550 500 25 80 80 60 2 25 90 5  200 250 300 450  15,94 4,27 
B2*S5250 50 550 500 50 80 80 60 2 25 90 3  200 250 300 450  20,54 4,30 
B2*S5275 50 550 500 75 80 80 60 2 25 90 3  200 250 300 450  22,14 4,30 
 XIV 
 
 
Measured dimension (mm) 
 
Material properties 
(MPa)  
WC 
Resistance 
BM 
Resistance 
Specimen SS L Span la H Web b t lip ɸ (º) rinternal  
E 
(Gpa) 
σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
Mexp 4-
point 
 (kNm) 
B2*S52100 50 550 500 100 80 80 60 2 25 90 3   200 250 300 450   25,63 4,30 
 
Sensitivity study S/RHS EOF tests 
 
 
Measured dimension (mm) 
 
Material properties (MPa) 
 
WC Resistance 
Specimen la Ss Span e la Height b t rinternal  
E 
(Gpa) 
σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
N1S115  50 350 100 25 101,5 81,5 1,5 5,25  200 300 354,35 600  12,21 
N1S215  50 350 100 25 81,5 81,5 1,5 4,25  200 300 354,35 600  12,06 
N1S415  50 350 100 25 101,5 101,5 1,5 1,75  200 300 354,35 600  17,59 
N2S115  50 350 100 25 101,5 81,5 1,5 5,25  200 300 347,57 600  12,23 
N2S215  50 350 100 25 81,5 81,5 1,5 4,25  200 300 347,57 600  12,06 
N2S415  50 350 100 25 101,5 101,5 1,5 1,75  200 300 347,57 600  17,74 
N3S115  50 350 100 25 101,5 81,5 1,5 5,25  200 300 332,25 600  12,02 
N3S215  50 350 100 25 81,5 81,5 1,5 4,25  200 300 332,25 600  11,82 
N3S415  50 350 100 25 101,5 101,5 1,5 1,75  200 300 332,25 600  17,56 
F1S115  50 350 100 25 101,5 81,5 1,5 5,25  200 300 335,74 420  11,74 
F1S215  50 350 100 25 81,5 81,5 1,5 4,25  200 300 335,74 420  11,58 
F1S41525  25 350 100 25 101,5 101,5 1,5 1,75  200 300 335,74 420  13,99 
F1S415  50 350 100 25 101,5 101,5 1,5 1,75  200 300 335,74 420  16,94 
 XV 
 
 
Measured dimension (mm) 
 
Material properties (MPa) 
 
WC Resistance 
Specimen la Ss Span e la Height b t rinternal  
E 
(Gpa) 
σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
F1S41575  75 350 100 25 101,5 101,5 1,5 1,75  200 300 335,74 420  17,77 
F1S415100  100 350 100 25 101,5 101,5 1,5 1,75  200 300 335,74 420  18,56 
F2S115  50 350 100 25 101,5 81,5 1,5 5,25  200 400 446,00 560  15,11 
F2S215  50 350 100 25 81,5 81,5 1,5 4,25  200 400 446,00 560  14,93 
F2S415  50 350 100 25 101,5 101,5 1,5 1,75  200 400 446,00 560  21,51 
F3S115  50 350 100 25 101,5 81,5 1,5 5,25  200 500 555,25 700  18,25 
F3S215  50 350 100 25 81,5 81,5 1,5 4,25  200 500 555,25 700  18,11 
F3S415  50 350 100 25 101,5 101,5 1,5 1,75  200 500 555,25 700  25,62 
N1S130  50 350 100 25 103 83 3 4,5  200 300 354,35 600  46,82 
N1S23025  50 350 100 25 83 83 3 1  200 300 354,35 600  53,74 
N1S23035  50 350 100 25 83 83 3 2  200 300 354,35 600  51,53 
N1S230  50 350 100 25 83 83 3 3,5  200 300 354,35 600  48,07 
N1S23060  50 350 100 25 83 83 3 4,5  200 300 354,35 600  45,26 
N1S430  50 350 100 25 103 103 3 1  200 300 354,35 600  58,61 
N2S130  50 350 100 25 103 83 3 4,5  200 300 347,57 600  46,71 
N2S230  50 350 100 25 83 83 3 3,5  200 300 347,57 600  47,65 
N2S430  50 350 100 25 103 103 3 1  200 300 347,57 600  58,16 
N3S130  50 350 100 25 103 83 3 4,5  200 300 332,25 600  45,87 
N3S230  50 350 100 25 83 83 3 3,5  200 300 332,25 600  46,48 
N3S430  50 350 100 25 103 103 3 1  200 300 332,25 600  56,89 
F1S130  50 350 100 25 103 83 3 4,5  200 300 335,74 420  43,76 
F1S23025  50 350 100 25 83 83 3 1  200 300 335,74 420  49,14 
F1S23035  50 350 100 25 83 83 3 2  200 300 335,74 420  47,24 
F1S230  50 350 100 25 83 83 3 3,5  200 300 335,74 420  44,51 
 XVI 
 
 
Measured dimension (mm) 
 
Material properties (MPa) 
 
WC Resistance 
Specimen la Ss Span e la Height b t rinternal  
E 
(Gpa) 
σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
F1S23060  50 350 100 25 83 83 3 4,5  200 300 335,74 420  41,99 
F1S43025  25 350 100 25 103 103 3 1  200 300 335,74 420  50,56 
F1S430  50 350 100 25 103 103 3 1  200 300 335,74 420  53,86 
F1S43075  75 350 100 25 103 103 3 1  200 300 335,74 420  56,48 
F1S430100  100 350 100 25 103 103 3 1  200 300 335,74 420  60,16 
F2S130  50 350 100 25 103 83 3 4,5  200 400 446,00 560  56,59 
F2S230  50 350 100 25 83 83 3 3,5  200 400 446,00 560  57,81 
F2S430  50 350 100 25 103 103 3 1  200 400 446,00 560  69,75 
F3S130  50 350 100 25 103 83 3 4,5  200 500 555,25 700  68,76 
F3S230  50 350 100 25 83 83 3 3,5  200 500 555,25 700  70,65 
F3S430   50 350 100 25 103 103 3 1   200 500 555,25 700   85,01 
 
Parametric study S/RHS EOF tests 
 
 
Measured dimension (mm) 
 
Material properties (MPa) 
 
WC Resistance 
Specimen la Ss Span e la Height b t rinternal  
E 
(Gpa) 
σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
B1S22 25 50 500 125 25 120 60 2 3  200 250 256 275  17,27 
B1*S1250 50 50 500 100 50 70 70 2 3  200 250 262,2 300  19,86 
B1*S1275 75 50 500 75 75 70 70 2 3  200 250 262,2 300  21,78 
B1*S12100 100 50 500 50 100 70 70 2 3  200 250 262,2 300  23,22 
B1*S121002 25 100 500 100 25 70 70 2 3  200 250 262,2 300  18,52 
 XVII 
 
 
Measured dimension (mm) 
 
Material properties (MPa) 
 
WC Resistance 
Specimen la Ss Span e la Height b t rinternal  
E 
(Gpa) 
σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
B1*S22 25 50 500 125 25 120 60 2 3  200 250 262,2 300  17,75 
B1*S224 25 50 500 125 25 120 60 2 4  200 250 262,2 300  15,90 
B1*S225 25 50 500 125 25 120 60 2 5  200 250 262,2 300  14,31 
B2S22 25 50 500 125 25 120 60 2 3  200 250 275 350  18,62 
B2*S1250 50 50 500 100 50 70 70 2 3  200 250 300 450  22,18 
B2*S1275 75 50 500 75 75 70 70 2 3  200 250 300 450  24,96 
B2*S12100 100 50 500 50 100 70 70 2 3  200 250 300 450  26,72 
B2*S121002 25 100 500 100 25 70 70 2 3  200 250 300 450  21,41 
B2*S22 25 50 500 125 25 120 60 2 3  200 250 300 450  20,16 
B2*S224 25 50 500 125 25 120 60 2 4  200 250 300 450  18,03 
B2*S225 25 50 500 125 25 120 60 2 5  200 250 300 450  16,16 
B1S24 25 50 500 125 25 120 60 4 3  200 250 256 275  53,58 
B1*S1450 50 50 500 100 50 70 70 4 3  200 250 262,2 300  61,18 
B1*S1475 75 50 500 75 75 70 70 4 3  200 250 262,2 300  69,13 
B1*S14100 100 50 500 50 100 70 70 4 3  200 250 262,2 300  75,74 
B1*S141002 25 100 500 100 25 70 70 4 3  200 250 262,2 300  60,04 
B1*S24 25 50 500 125 25 120 60 4 3  200 250 262,2 300  55,36 
B1*S244 25 50 500 125 25 120 60 4 4  200 250 262,2 300  52,02 
B1*S245 25 50 500 125 25 120 60 4 5  200 250 262,2 300  48,77 
B2S24 25 50 500 125 25 120 60 4 3  200 250 275 350  58,64 
B2*S1450 50 50 500 100 50 70 70 4 3  200 250 300 450  69,58 
B2*S1475 75 50 500 75 75 70 70 4 3  200 250 300 450  80,44 
B2*S14100 100 50 500 50 100 70 70 4 3  200 250 300 450  89,25 
B2*S141002 25 100 500 100 25 70 70 4 3  200 250 300 450  75,02 
 XVIII 
 
 
Measured dimension (mm) 
 
Material properties (MPa) 
 
WC Resistance 
Specimen la Ss Span e la Height b t rinternal  
E 
(Gpa) 
σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
B2*S24 25 50 500 125 25 120 60 4 3  200 250 300 450  64,80 
B2*S244 25 50 500 125 25 120 60 4 4  200 250 300 450  61,16 
B2*S245 25 50 500 125 25 120 60 4 5   200 250 300 450   57,30 
 
Sensitivity study HAT EOF tests 
 
 
measured dimension (mm) 
 
Material properties (MPa) 
 
WC 
Resistance 
Specimen Support SS L Span e la H Web b t lip 
ɸ 
(º) 
rinternal  
E (Gpa) σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
N1S315 25  400 350 100 25    1,5  90 4,25  200 300 354,35 600  7,84 
N2S315 25  400 350 100 25    1,5  90 4,25  200 300 347,57 600  7,86 
N3S315 25  400 350 100 25    1,5  90 4,25  200 300 332,25 600  7,78 
F1S315 25  400 350 100 25    1,5  90 4,25  200 300 335,74 420  7,49 
F2S315 25  400 350 100 25    1,5  90 4,25  200 400 446,00 560  9,57 
F3S315 25  400 350 100 25    1,5  90 4,25  200 500 555,25 700  11,53 
N1S330 25  400 350 100 25    3  90 3,5  200 300 354,35 600  32,58 
N2S330 25  400 350 100 25    3  90 3,5  200 300 347,57 600  32,64 
N3S330 25  400 350 100 25    3  90 3,5  200 300 332,25 600  32,09 
F1S330 25  400 350 100 25    3  90 3,5  200 300 335,74 420  31,08 
F2S330 25  400 350 100 25    3  90 3,5  200 400 446,00 560  39,94 
F3S330 25   400 350 100 25       3   90 3,5   200 500 555,25 700   48,31 
 XIX 
 
 
Parametric study HAT EOF tests 
 
 
measured dimensión (mm) 
 
Material properties (MPa) 
 
WC 
Resistance 
Specimen Support SS L Span e la H Web b t lip 
ɸ 
(º) 
rinternal  
E (Gpa) σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
B1S41 25 50 550 500 125 25 120 120 120 1 50 90 3 
 
200 250 256 275 
 
3,20 
B1*S41 25 50 550 500 125 25 120 120 120 1 50 90 3 
 
200 250 262,2 300 
 
3,24 
B1*S414 25 50 550 500 125 25 120 120 120 1 50 90 4 
 
200 250 262,2 300 
 
2,94 
B1*S415 25 50 550 500 125 25 120 120 120 1 50 90 5 
 
200 250 262,2 300 
 
2,72 
B1*S5140 40 50 500 500 110 40 80 80 60 1 25 90 3 
 
200 250 262,2 300 
 
4,26 
B1*S5150 50 50 500 500 100 50 80 80 60 1 25 90 3 
 
200 250 262,2 300 
 
4,90 
B2S41 25 50 550 500 125 25 120 120 120 1 50 90 3 
 
200 250 275 350 
 
3,32 
B2*S41 25 50 550 500 125 25 120 120 120 1 50 90 3 
 
200 250 300 450 
 
3,42 
B2*S414 25 50 550 500 125 25 120 120 120 1 50 90 4 
 
200 250 300 450 
 
3,14 
B2*S415 25 50 550 500 125 25 120 120 120 1 50 90 5 
 
200 250 300 450 
 
2,93 
B2*S5140 40 50 500 500 110 40 80 80 60 1 25 90 3 
 
200 250 300 450 
 
4,38 
B2*S5150 50 50 500 500 100 50 80 80 60 1 25 90 3 
 
200 250 300 450 
 
5,00 
B1S42 25 50 550 500 125 25 120 120 120 2 50 90 3 
 
200 250 256 275 
 
12,20 
B1*S42 25 50 550 500 125 25 120 120 120 2 50 90 3 
 
200 250 262,2 300 
 
12,42 
B1*S424 25 50 550 500 125 25 120 120 120 2 50 90 4 
 
200 250 262,2 300 
 
11,12 
B1*S425 25 50 550 500 125 25 120 120 120 2 50 90 5 
 
200 250 262,2 300 
 
10,07 
B1*S5240 40 50 500 500 110 40 80 80 60 2 25 90 3 
 
200 250 262,2 300 
 
17,00 
B1*S5250 50 50 500 500 100 50 80 80 60 2 25 90 3 
 
200 250 262,2 300 
 
19,91 
B2S42 25 50 550 500 125 25 120 120 120 2 50 90 3 
 
200 250 275 350 
 
12,80 
 XX 
 
 
measured dimensión (mm) 
 
Material properties (MPa) 
 
WC 
Resistance 
Specimen Support SS L Span e la H Web b t lip 
ɸ 
(º) 
rinternal  
E (Gpa) σ0.2 σ1.0 σu  
Rw,rk  
(kN) 
B2*S42 25 50 550 500 125 25 120 120 120 2 50 90 3 
 
200 250 300 450 
 
13,41 
B2*S424 25 50 550 500 125 25 120 120 120 2 50 90 4 
 
200 250 300 450 
 
12,20 
B2*S425 25 50 550 500 125 25 120 120 120 2 50 90 5 
 
200 250 300 450 
 
10,95 
B2*S5240 40 50 500 500 110 40 80 80 60 2 25 90 3 
 
200 250 300 450 
 
18,02 
B2*S5250 50 50 500 500 100 50 80 80 60 2 25 90 3 
 
200 250 300 450 
 
20,90 
 
 
 XXI 
 
A2 Comparison of theoretical and 
experimental values 
The theoretical values are obtained with the new proposal expression (A. Eq. 1).  
𝑣𝑣𝑡𝑡 = 𝑔𝑔𝑣𝑣𝑡𝑡 �𝑋𝑋� = 𝑅𝑅𝑤𝑤 = 𝑣𝑣𝑤𝑤  𝛼𝛼 𝑡𝑡2�𝜎𝜎0.2 𝐸𝐸 �𝜉𝜉 𝜎𝜎0.1𝐸𝐸 �𝑘𝑘 �𝛽𝛽𝑡𝑡𝑣𝑣 �0.5 + �0.01𝑙𝑙𝑣𝑣𝑡𝑡 ��2.4 + � 𝜙𝜙90�2�  A. Eq. 1 
With the non-dimensional coefficients calibrated in (Bock, et al., 2013), which are the ones 
gathered in TABLE  
 
 Category 1 (EOF) Category 2 (IOF) 
 SHS/RHS HAT SHS/RHS HAT 
α 0.07 0.085 0.13 0.14 
β 2.14 1.65 0.59 0.81 
δ 0.22 0.13 0.14 0.065 
ξ 2200 2275 2700 2000 
A. Table 1. Non-dimensional coefficient values 
FERRITIC IOF-SHS-RHS 
 
rti (kN) rei (kN) rti (kN) rei (kN) rti (kN) rei (kN) rti (kN) rei (kN) 
14,65 15,94 46,41 53,70 14,87 15,50 46,84 54,85 
13,36 14,34 44,29 49,88 14,63 14,65 44,58 51,79 
15,50 17,68 68,12 69,97 17,20 20,24 43,05 48,94 
14,46 15,57 46,35 49,13 18,38 21,74 50,03 60,83 
13,23 14,10 59,21 64,52 19,28 25,29 52,10 62,71 
15,48 17,76 49,87 55,03 19,38 19,34 53,65 67,07 
14,44 14,54 44,26 47,30 18,55 18,57 65,65 67,40 
13,24 13,32 42,45 44,04 18,20 17,33 61,59 63,13 
15,41 17,42 68,50 68,90 15,59 17,73 58,85 60,25 
18,06 20,80 76,76 85,11 19,59 20,16 48,30 56,81 
19,98 23,31 82,25 96,82 15,91 18,53 67,23 70,84 
21,22 25,36 86,82 105,57 15,44 16,96 50,97 60,44 
18,93 18,91 57,64 64,40 15,23 16,64 48,63 57,13 
17,03 17,17 54,69 61,20 17,74 21,31 46,95 54,12 
18,72 21,80 82,68 86,40 18,96 22,61 54,71 65,43 
23,21 23,13 68,17 79,24 19,89 25,78 57,17 67,35 
20,50 20,86 64,53 74,32 19,97 21,82 59,01 72,89 
21,73 25,19 95,43 104,64 19,25 20,24 70,26 76,84 
46,78 55,00 15,32 16,94 19,04 20,30 65,91 68,43 
44,81 50,62 19,27 18,91 46,06 53,81 63,05 66,55 
68,87 69,89 15,43 17,22 64,76 65,58   
 XXII 
 
 
FERRITIC IOF-HAT  
 
rti (kN) rei (kN) rti (kN) rei (kN) rti (kN) rei (kN) 
11,65 15,05 5,74 5,86 14,48 16,52 
11,55 14,69 6,12 7,01 15,26 17,54 
11,56 13,81 4,02 4,38 15,83 19,36 
14,19 17,95 5,26 5,87 20,24 20,32 
16,73 21,94 4,57 4,88 16,50 16,90 
46,06 52,57 4,07 4,65 15,37 14,93 
45,06 49,88 3,88 4,25 14,57 13,77 
45,40 47,06 3,78 4,11 18,41 19,42 
55,43 60,92 4,63 5,09 19,68 21,22 
64,65 73,66 4,99 5,52 20,65 25,24 
3,95 4,20 5,27 6,39 13,49 15,35 
5,21 5,47 5,34 6,28 20,44 21,13 
4,50 4,58 4,64 5,23 16,69 17,44 
3,98 4,25 4,40 4,84 13,79 15,96 
3,76 3,93 4,29 4,83 12,99 14,45 
3,62 3,69 5,38 5,62 12,51 13,41 
4,52 4,87 5,87 6,06 15,07 17,25 
4,88 5,34 6,25 7,12 15,90 18,28 
5,14 6,34 13,13 14,66 16,52 20,32 
5,22 5,59 20,18 19,89 20,69 22,90 
4,53 4,69 16,40 16,58 17,02 18,36 
4,26 4,31 13,28 14,91 15,89 16,43 
4,14 4,28 12,43 13,41 15,14 15,94 
5,26 5,33 11,95 12,47 19,03 20,54 
    20,38 22,14 
    21,40 25,63 
 
re = 1,111rt
0,00
20,00
40,00
60,00
80,00
100,00
120,00
0,00 20,00 40,00 60,00 80,00 100,00 120,00
r e
rt
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FERRITIC EOF-SHS-RHS  
 
rti (kN) rei (kN) rti (kN) rei (kN) rti (kN) rei (kN) rti (kN) rei (kN) 
9,85 12,23 33,15 46,48 12,21 17,75 60,93 89,25 
9,00 12,06 48,90 56,89 11,88 15,90 58,16 75,02 
8,57 17,74 32,26 43,76 11,94 14,31 58,16 64,80 
9,52 12,02 48,94 49,14 12,40 18,62 53,78 61,16 
8,75 11,82 38,08 47,24 13,12 22,18 51,37 57,30 
8,47 17,56 33,24 44,51 13,38 24,96   
9,59 11,74 32,26 41,99 13,61 26,72   
8,80 11,58 48,94 50,56 12,77 21,41   
8,50 13,99 48,94 53,86 12,77 20,16   
8,50 16,94 48,94 56,48 12,61 18,03   
8,50 17,77 48,94 60,16 12,86 16,16   
8,50 18,56 40,91 56,59 56,65 53,58   
13,79 15,11 41,28 57,81 58,00 61,18   
12,13 14,93 57,70 69,75 58,86 69,13   
10,55 21,51 49,17 68,76 59,59 75,74   
18,25 18,25 48,82 70,65 56,88 60,04   
15,55 18,11 65,55 85,01 56,88 55,36   
12,48 25,62 12,12 17,27 52,21 52,02   
32,63 46,71 12,55 19,86 49,50 48,77   
33,53 47,65 12,80 21,78 57,33 58,64   
49,06 58,16 13,02 23,22 59,30 69,58   
32,15 45,87 12,21 18,52 60,18 80,44   
 
re = 1,108ri
0,00
10,00
20,00
30,00
40,00
50,00
60,00
70,00
80,00
0,00 10,00 20,00 30,00 40,00 50,00 60,00 70,00
r e
rt
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FERRITIC EOF HAT 
 
rti (kN) rei (kN) rti (kN) rei (kN) rti (kN) rei (kN) 
6,90 7,86 2,65 4,90 10,94 12,20 
6,78 7,78 2,60 3,32 10,60 10,95 
6,81 7,49 2,69 3,42 11,87 18,02 
8,73 9,57 2,73 3,14 11,98 20,90 
10,58 11,53 2,87 2,93   
31,22 32,64 2,76 4,38   
31,01 32,09 2,79 5,00   
31,05 31,08 11,31 12,20   
37,44 39,94 11,36 12,42   
43,27 48,31 10,56 11,12   
2,53 3,20 10,14 10,07   
2,55 3,24 11,56 17,00   
2,55 2,94 11,67 19,91   
2,63 2,72 11,47 12,80   
2,61 4,26 11,66 13,41   
re = 1,208rt
0,00
10,00
20,00
30,00
40,00
50,00
60,00
70,00
80,00
90,00
100,00
0,00 10,00 20,00 30,00 40,00 50,00 60,00 70,00
re
rt
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AUSTENITIC IOF-SHS-RHS 
 
rti (kN) rei (kN) rti (kN) rei (kN) rti (kN) rei (kN) rti (kN) rei (kN) 
14,72 16,07 69,35 71,63 14,63 14,65 65,65 67,40 
13,45 14,39 46,78 55,00 17,20 20,24 61,59 63,13 
15,43 17,49 44,81 50,62 18,38 21,74 58,85 60,25 
14,65 15,94 68,87 69,89 19,28 25,29 48,30 56,81 
13,36 14,34 46,41 53,70 19,38 19,34 67,23 70,84 
15,50 17,68 44,29 49,88 18,55 18,57 50,97 60,44 
14,46 15,57 68,12 69,97 18,20 17,33 48,63 57,13 
13,23 14,10 46,35 49,13 15,59 17,73 46,95 54,12 
15,48 17,76 59,21 64,52 19,59 20,16 54,71 65,43 
14,44 14,54 49,87 55,03 15,91 18,53 57,17 67,35 
13,24 13,32 44,26 47,30 15,44 16,96 59,01 72,89 
15,41 17,42 42,45 44,04 15,23 16,64 70,26 76,84 
18,06 20,80 68,50 68,90 17,74 21,31 65,91 68,43 
19,98 23,31 76,76 85,11 18,96 22,61 63,05 66,55 
21,22 25,36 82,25 96,82 19,89 25,78   
18,93 18,91 86,82 105,57 19,97 21,82   
17,03 17,17 57,64 64,40 19,25 20,24   
18,72 21,80 54,69 61,20 19,04 20,30   
23,21 23,13 82,68 86,40 46,06 53,81   
20,50 20,86 68,17 79,24 64,76 65,58   
21,73 25,19 64,53 74,32 46,84 54,85   
47,12 55,47 95,43 104,64 44,58 51,79   
60,55 66,89 15,32 16,94 43,05 48,94   
50,90 57,70 19,27 18,91 50,03 60,83   
45,13 50,45 15,43 17,22 52,10 62,71   
43,39 49,04 14,87 15,50 53,65 67,07   
re = 1,108rt
0,00
10,00
20,00
30,00
40,00
50,00
60,00
0,00 10,00 20,00 30,00 40,00 50,00
re
rt
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AUSTENITIC IOF-HAT  
 
rti (kN) rei (kN) rti (kN) rei (kN) rti (kN) rei (kN) rti (kN) rei (kN) 
11,75 15,19 4,53 4,69 13,13 14,66 15,07 17,25 
11,65 15,05 4,26 4,31 20,18 19,89 15,90 18,28 
11,55 14,69 4,14 4,28 16,40 16,58 16,52 20,32 
11,56 13,81 5,26 5,33 13,28 14,91 20,69 22,90 
14,19 17,95 5,74 5,86 12,43 13,41 17,02 18,36 
16,73 21,94 6,12 7,01 11,95 12,47 15,89 16,43 
46,28 53,01 4,02 4,38 14,48 16,52 15,14 15,94 
46,06 52,57 5,26 5,87 15,26 17,54 19,03 20,54 
45,06 49,88 4,57 4,88 15,83 19,36 20,38 22,14 
45,40 47,06 4,07 4,65 20,24 20,32 21,40 25,63 
55,43 60,92 3,88 4,25 16,50 16,90   
64,65 73,66 3,78 4,11 15,37 14,93   
3,95 4,20 4,63 5,09 14,57 13,77   
5,21 5,47 4,99 5,52 18,41 19,42   
4,50 4,58 5,27 6,39 19,68 21,22   
3,98 4,25 5,34 6,28 20,65 25,24   
3,76 3,93 4,64 5,23 13,49 15,35   
3,62 3,69 4,40 4,84 20,44 21,13   
4,52 4,87 4,29 4,83 16,69 17,44   
4,88 5,34 5,38 5,62 13,79 15,96   
5,14 6,34 5,87 6,06 12,99 14,45   
5,22 5,59 6,25 7,12 12,51 13,41   
re = 1,125rt
0,00
20,00
40,00
60,00
80,00
100,00
120,00
0,00 20,00 40,00 60,00 80,00 100,00 120,00
re
rt
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AUSTENITIC EOF-SHS-RHS 
 
rti (kN) rei (kN) rti (kN) rei (kN) rti (kN) rei (kN) rti (kN) rei (kN) 
10,00 12,21 32,84 46,82 40,91 56,59 12,86 16,16 
9,10 12,06 49,13 53,74 41,28 57,81 56,65 53,58 
8,62 17,59 38,39 51,53 57,70 69,75 58,00 61,18 
9,85 12,23 33,70 48,07 49,17 68,76 58,86 69,13 
9,00 12,06 32,84 45,26 48,82 70,65 59,59 75,74 
8,57 17,74 49,13 58,61 65,55 85,01 56,88 60,04 
9,52 12,02 32,63 46,71 12,12 17,27 56,88 55,36 
8,75 11,82 33,53 47,65 12,55 19,86 52,21 52,02 
8,47 17,56 49,06 58,16 12,80 21,78 49,50 48,77 
9,59 11,74 32,15 45,87 13,02 23,22 57,33 58,64 
8,80 11,58 33,15 46,48 12,21 18,52 59,30 69,58 
8,50 13,99 48,90 56,89 12,21 17,75 60,18 80,44 
8,50 16,94 32,26 43,76 11,88 15,90 60,93 89,25 
8,50 17,77 48,94 49,14 11,94 14,31 58,16 75,02 
8,50 18,56 38,08 47,24 12,40 18,62 58,16 64,80 
13,79 15,11 33,24 44,51 13,12 22,18 53,78 61,16 
12,13 14,93 32,26 41,99 13,38 24,96 51,37 57,30 
10,55 21,51 48,94 50,56 13,61 26,72   
18,25 18,25 48,94 53,86 12,77 21,41   
15,55 18,11 48,94 56,48 12,77 20,16   
12,48 25,62 48,94 60,16 12,61 18,03   
re = 1,091rt
0,00
10,00
20,00
30,00
40,00
50,00
60,00
70,00
80,00
0,00 10,00 20,00 30,00 40,00 50,00 60,00 70,00
re
rt
 XXVIII 
 
 
 
AUSTENITIC EOF HAT  
 
rti (kN) rei (kN) rti (kN) rei (kN) rti (kN) rei (kN) 
6,95 7,84 2,65 4,90 11,87 18,02 
6,90 7,86 2,60 3,32 11,98 20,90 
6,78 7,78 2,69 3,42   
6,81 7,49 2,73 3,14   
8,73 9,57 2,87 2,93   
10,58 11,53 2,76 4,38   
31,31 32,58 2,79 5,00   
31,22 32,64 11,31 12,20   
31,01 32,09 11,36 12,42   
31,05 31,08 10,56 11,12   
37,44 39,94 10,14 10,07   
43,27 48,31 11,56 17,00   
2,53 3,20 11,67 19,91   
2,55 3,24 11,47 12,80   
2,55 2,94 11,66 13,41   
2,63 2,72 10,94 12,20   
2,61 4,26 10,60 10,95   
 
re = 1,147rt
0,00
10,00
20,00
30,00
40,00
50,00
60,00
70,00
80,00
90,00
100,00
0,00 20,00 40,00 60,00 80,00
re
rt
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re = 1,100rt
0,00
10,00
20,00
30,00
40,00
50,00
60,00
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